
=USER REQUIREMENTS
FOR THE

COMMERCIALIZATION OF SPACE"

CONTRACT NASW-3674

Processed
in Space

Processed
on Earth

Germanium Crystal Resistivity

PREPARED FOR:
NATIONAL AERONAUTICS AND
WASHINGTON , D.C. 20546

SPACE ADMINISTRATION

BY:
ECOSYSTEMS INTERNATIONAL, INC.
P.O. BOX 225
GAMBRILLS, MARYLAND 21054



SPACE STATION COMMERCIALIZATION

TASK 5 - FINAL REPORT

CONTRACT NASW-3674

"USER REQUIREMENTS FOR

THE COMMERCIALIZATION OF SPACE"

PREPARED FOR:

THE NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

NASA HEADQUARTERS

OFFICE FOR COMMERCIAL PROGRAMS

WASHINGTON, D.C. 20546

BY:

ECOSYSTEMS INTERNATIONAL, INC

2411 CROFTON LANE, SUITE 16B

CROFTON, MARYLAND 2111/-t

DECEMBER 1984



TABLE OF _S

Section

TABLE OF CONTENTS oooololeolooloelolt+lolooolol+lo i

LIST OF FIGL_ES
ooloeooooollloooololoolloollooel V

LIST OF TABLES Ioolllololololllolllloo+o,l,ooi+ ix

I FOR_

II EXECUT I VE

2.0

2.1

2.2

2.3

2.4

2.5

2.6

2.7

2.8

S_Y

Purpose ................................ 2

Overview of MPS ........................... 2

The Space Environment ..................... 4

The Rationale for Materials

Processing in Space (MPS) ................. 6

Principal Industrial Applications

of MPS ................................ 7

The Current Status of MPS ................. 7

Industrial Evaluation of MPS .............. 8

Industrial Relations With NASA ............ 9

MPS Experiment Results .................... II

III BACKGR_ A/_DOSJECTIVES

3.0 Background ................................ 13

3.1 Objective ................................ 13

IV DATA SOJIRCES ................................ It+



TABLE OF CONTENTS (continued)

V MAF_ETINGMPS

5.0 Background ................................ 17

5.1 Identification of a Market ................ 17

5.2 Capturing a Market ........................ 18

Vl SPACE _V

6.0

6.1

6.2

6.3

6.4

6.5

IRObAAENT PROPERTIES

General ................................ 21

Isolation of the Principal

Effects of the Space Environment .......... 21

Microgravity .............................. 21

The Rarefield Medium ...................... 26

Radiation ................................ 28

Corrmercial Application of Space ........... 30

Vll MPS

7.0

7.1

7.2

PROCE SS I NG TECI-N IQUE S

Purpose .........

Particle Separation

Crystal Growth .....

7.2.1

7.2.2

7.2.3

7.3

7.4

7.5

....................... 32

and Purification ...... 32

.. ..................... 37

Semiconductors .................. 37

Vapor Transport ................. 40

Directional Solidification ...... 41

Containerless Processing ........ 41

Composite Casting ............... 44

The Growth of Monodispersed

Latex Spheres ................... 44

VIII A SYNOPS I

8.0

8.1

8.2

8.3

S OF TEST FACILITIES

General ................................ 46

Low Gravity Test Facilities ............... 46

Vacuum Test Facilities .................... 49

Test Facilities for Combining

Low Gravity and High Vacuum ............... 50

ii



TABLE OF CONTENTS (continued)

IX SYNTHESIS OF MPS APPLICATIONS

9.0

9.1

9.2

9.3

Categorization of MPS Applications ........

Alternate Categorizations .................

Results of MPS Programs to Date ...........

Methodology for Synthesis of Results ......

52

54

60

63

X THE

10.0

10.1

10.2

NASA SPUTTLE PROCEbaM

Overview ................................

Pre-Shuttle Research Limitations ..........

Shuttle

10.2.1

10.2.2

10.2.3

10.2.4

10.2.5

10.2.6

66

66

67Services Currently Available ......

Long Duration Exposure

Facility (LDEF) ................. 68

Middeck Payloads ................ 68

Get Away Specials ............... 70

Materials Science Laboratory .... 70

Spacelab ........................ 72

MPS Satellites .................. 74

XI SPACELAB

II.0

II.I

11.2

11.3

11.4

Background ................................ 76

Component Parts ........................... 76

Configurations ............................ 78

Corrmunications Data Link .................. 78

SPACELAB I: Materials Science Payload .... 81

XII _D MPS

12.0

12.1

12.2

12.3

SATELLITES

Discussion ................................ 86

Concept ................................ 86

EURECA ................................ 87

LEASECRAFT ................................ 89

iii



TABLE OF CONTENTS (continued)

XIII PRODUCTS W I "11-4CaV'/vlERC I AL

13.0

13.1

13.2

13.3

PRO_ I SE

Purpose ................................ 91

Criteria for Selection of Candidate

Products ................................ 91

13.1.1 High value to weight ratio ...... 91

13.1.2 Producing Unique Products ....... 92

13.1,3 Producing Materials Mare

Effectively ..................... 92

Examples of Products with Corrmercial

Promise ................................ 94

13.2.1 Pharmaceuticals ................. 94

13.2.2 Large Monodispersed Latex

Spheres ......................... 97

13.2.3 "Ultra-Soft" Magnetic Materials 100

13.2.4 Immiscible Materials ............ 102

13.2.5 High-Strength Materials ......... 104

Conclusion ................................ 107

X I V CONCLUS IONS ................................ 108

APPEIxDIX A PRE-SI-UTTLE ERA INVESTIGATIONS ............ III

APPEI',,DIX B SI-UTTLE BORNE EXPERIMENTS ................. 154

ABBREVIATIONS ................................ 173

iv



LIST OF FIGURES

Figure No.

2-1

T I TLE Page

EVOLUTION OF MPS PROGRAMS ............ 3

2-2 UNIQUE PROPERTIES AND POTENTIAL

APPLICATIONS OF THE SPACE

ENVIRCt, IMENT .......................... 4

2-3 DATA PO I NTS AT M I CROGRAV I TY

AND HIGH VACUL_ AVAILABILITY .........

2-4 MATERIAL PROCESSING IN SPACE

CATEC(_IZATION .......................

2-5 TYPICAL STEPS IN IMPLEMENTATION

OF MPS ...............................

2-6 POSSIBLE WORI<ING RELATIONSHIPS

WITH NASA ............................ 10

6-I UNIQUE PROPERTIES AIxD POTENTIAL

APPLICATIONS OF THE SPACE

ENVlROf'_ENT .......................... 22

6-2 BALT I MORE SHOT TOWER ................. 25

6-3 AVERAGE VALUES OF VACt.E_ AVAI LABLE

IN EARTH ORBIT ....................... 26

6-4 VAC1.LM EFFECT BEHII",D A MOVING

SHIELD ............................... 27

6-5 SPECTRAL I _ I ANCE OF SUNL IGHT ...... 29

V



LIST OF FIGURES (continued)

7-1 ELECTROPHORESIS ...................... 33

7-2 ISOELECTRIC FOCUSING (IEF) ........... 35

7-3 CQNTIIxUOUS FLOW ELECTROPHORESIS ...... 36

7-4 PROQRESS OF GATE DENSITY ............. 38

7-5 BEHAVIOR OF SEMICOf,,DI._TOR C_.,ATES...... 39

7-6 CRYSTAL GROfl]_ BY(3-tEMICAL

VAPOR T_SPORT ...................... 42

7-7 BR I DGEMAN OR STOCKBARGER CRYSTAL

GROWTH TECI-N I ODE ..................... 42

8-1 PROFILE OF BEST ATTAINABLE

MICROGRAVlTY x DLF_TION LEVELS ....... 47

8-2 PROFILE OF BEST ATTAINABLE

VAO.t]Vl x _TION LEVELS ............. 49

8-3 ATTAINABLE G-VAO..tJM-DURATION ENVELOPES

ENVELOPES ............................ 51

9-I RECCt_ILIATIONOF Ct.IRRENT CATEGORI-

ZATIONS OF MPS APPLICATIONS WITH

TOP-DONNAPPROACH .................... 57

9-2 MATERIALS PROCESSING IN SPACE -

CATEGORI ZAT ION BY OBJECTI VES ......... 57

vi



LIST OF FICtJRES (continued)

9-3 STAGES OF PROGRESS TOWARDS

C_RCIALIZATION .................... 62

9-4 MPS EXPERINENTATIONCATEGORIZED BY

STAGE OF PROGRESS TOWARDS COVt,4£RCIAL-

I ZATION (THROL.r-_,H SEPTEMBER 1982) ..... 63

9-5 SPUTTLE B_E EXPERIMENTATION

CATEGORIZED BY STAGES OF PROGRESS

TOWARDS CO/VtVERCIALIZATOIN ............ 64

10-1 LONG_TION EXPOSURE FACILITY

(LDEF) ............................... 69

10-2 MIDDECK PAYLOADS ..................... 71

0-3 MATERIALS SCIF_I',_E LABORATORY ......... 73

0-4 EURECA/LEASECRAFT .................... 75

I-I SPACELAB OVERV I EW .................... 77

I-2 PALLET IGLOO ......................... 79

I-3 SPACELABMCE_LAR CONFIQ.P, ATIONS ...... 80

I-4 TRACKING AKDDATA RELAY SATELLITE

(TDRS) ANTEI'4'qA EQUIPMENT ............. 82

11-5 DATA L I l',lK - C_l CAT IONS BETWEEN

SPACELAB AFO GRO, JI'43 .................. 83

vii



LIST OF FIGURES (continued)

11-6 MATERIAL SCIENCE DOUBLE RACK

(MSDR) ............................... 84

12-1 EUROPEAN RETR IEVABLE CARR IER -

EURECA ............................... 88

12-2 LEASECRAFT ........................... 90

13-1 TYPICAL SPACE - GROSS PRCO._TION COSTS

(AKI',IODISPERSED LATEX SPHERES) ........ 93

13-2 PROOUCT PROFILES OF

PHARMACEUTICALS ...................... 96

13-3 RELATIVE COSTS OF SELECTED

PHARMACEUTICALS ...................... 99

14-I MPS PLATFORMS - PROGRESS OF AVAILABLE

ACCESS TO MIOROC_,RAVITY ............... 109

viii



LIST OF TABLES

Table No. Title Page

4-1 EXAMPLES OF DATA SO.._ES ............. IS

6-1 PRINCIPAL RESIDUAL G-LEVELS

PRESENT WITHIN SPACECRAFT IN LOW

EAR'fl-4 CRBIT (400 KM) ................. 23

6-2 STATUS OF DEVELOPMENT OF CCtv_ERCIALLY

EXPLOITABLE EFFECTS OF THE SPACE

ENVIRONMENT .......................... 31

8-1 TYPICAL SIZES OF MATERIALS SAMPLES

WHIO-t C,N4 BE PROCESSED INQRCUI',,D-BASED

LOW-GRAVITY FACILITIES ............... 48

9-1 CONVENTIONAL CATEGORIZATION OF MPS

APPLICATIONS ......................... 53

9-2 ABBREVIATED CONVENTIONAL CATEGORIZATION

OF MPS APPLICATIONS .................. 54

13-1 SELECTED PHARN_CEUTICALS SOLD FOR

/W3RE THe'4 ONE BILLION DOLLARS PER

KILOGRAM ............................. 98

13-2 LIQUID PHASE IMMISCIBLE MATERIALS

SL_SESTED FOR SUPERCONDUCTING

PROPERTIES ........................... 103

ix



TABLES (continued)

13-3 TENSILE STRENGTH OF SELECTED

MATERIALS ............................ 105

13-4 SUPER-STREI",ICTHMATERIALS II .......... 106



!. FOREWORD

This report is written in fulfillment of Contract NASW-367b,(Task V) entitled "User

Requirements for the Commercialization of Space." It was prepared by ECOsystems

International, Inc. for the National Aeronautics and SpaceAdministration Headquarters,
Office of Commercial Programs, TechnologyUtilization Division.

This report follows a previous study depicting the details of MPS experiments

performed prior to the shuttle era. It includes a discussion of the results of the

pre-shuttle era and the currently completed shuttle experiments. These results are

summarized in the Appendices of this report for the reader's convenience.

From these summaries of MPS research, the MPS component of a cost-effective

earth-orbiting space station may be inferred on the basis of user requirements and

plausible research and development.

The overall goal of this project is to stimulate interest within the non-aerospace

industry to pursue scientific research and/or commercial operations in near-earth orbit.

Two steps were taken to augment this goal:

O Assess the opportunities for materials processing made available

through the Space Shuttle program.

O Synthesize the status, results and potential of the science of Materials

Processing in Space (MPS) with a view to eventual use of commercial

processes which would be significantly facilitated or improved in an

earth-orbit space environment.



II. EXECUTIVESUMMARY

2.0 Purpose

Since the early 1970's, the U.S., European, and Soviet Space Programs have

explored the use of the space environment for the development of new and improved

processes and materials. The results of this work, while still limited, has been

encouraging.

As the costs of operating in space continue to fall, the development of materials

with unique properties not achievable on Earth is approaching commercial

practicability. The microgravity and vacuum of space are already proven arenas for

experimentation into materials processes difficult or impossible to achieve on Earth. In

the near future these can become an important complement to terrestrial industrial

operations.

Potential users of microgravity and the Materials Processing in Space (MPS)

programs need to be aware of the program findings, and prospects for the future, in order

to assess their own opportunities for improved or new processes and products.

For example, the communications industry has opened up new commercial markets

through the use and deployment of satellites. In 1985 the Space Shuttle is expected to

perform commercial activities on the order of $6S0 million -- another indication of the

growing commercialization of space.

2. I Overview of MPS

Prior to the launching of Apollo flights, ground-based research set the stage for

MPS. A preliminary series of space experiments were conducted during Apollo flights 14,

16 and 17. MPS studies have subsequently continued and expanded into broad potential

commercial applications. The theoretical studies and experiments have covered wide

areas of possible microgravity and vacuum applications. The reality of commercial

manufacturing in space is close at hand, with the development and deployment of a Space

Station, scheduled for the early 1990s. Figure 2-1 provides an overview of the evolution

of MPS programs.
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2.2 The Space Environment

The space environment for MPS operational applications is principally distinguished

by its microgravity ("weightlessness") and vacuum components. Figure 2-2 shows the

unique properties and potential applications of the space environment.

Space Environment

! I i
RASIC PROPt[RTIES LOW GRAVITY VACUUM RADIATION

APPt.,ICABLE 8Hofrr TERM PROLONGED MEDIUM TERM PROLONGED UV TO PARTICULATE HIGH ENERGY
MK)I)ERTIE S THERMAL MEDKR4-ENERGY (COSMIC RAYS)

f .I I I

A PPLICABLE EFFECTB

COMMERCIALLY

EXPLOITABLE

EFFECTS

ABSENCE OF

ORAVlTYINOUCEO

EFFECTS

X
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|
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INHIBITION OF

DELETERIOUE
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I
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STRUCTURES
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INTERACTIONS

- - . L- --.

I I

I PHYEIC$ I

I OF MATTER I

- - I

mlm

HYPES'ENERGY 1

IRRADIATION

OF MATERIALS

Figure 2-2 Unique Properties and Potential AppUcation

of the Space Environment



MICROGRAVITY - The term used to describe the minute gravitational force acting on

an orbiting spacecraft is microgravity. In Earth orbit the gravitational force can be

reduced to the realm of one millionth (10 -6 ) of the force at the Earth's surface.

Small spurious forces are created by orientation maneuvers and any movement

within the spacecraft. These spurious forces cause small departures from ideal

microgravity cond it ions.

In microgravity, the occurrences of important and unique phenomena have been

demonstrated. For example, fluid deformation due to hydrostatic pressure does not

occur, and convection currents due to warmer portions rising and cooler portions sinking

are absent. The effects of buoyancy and sedimentation are eliminated; fluids do not

separate due to density differences. This has led to significant processing discoveries.

VACUUM - The Earth orbital space medium is not a perfect vacuum. Matter, mostly a

plasma, i.e., a gas of charged particles, is present in low densities. Dust, neutral

hydrogen, and other chemical molecules are also present in lesser amounts. The actual

level of vacuum existing at low orbital altitudes is not much higher than what is present

in commonplace objects, such as lightbulbs or vacuum tubes (10 -6 to 10-8 Torr).

In space, a high degree of cleanliness, isolation, and the absence of aerodynamic

friction are the three principal exploitable effects of long duration vacuum conditions.

Figure 2-3 below compares the data points of microgravity and high vacuum

availability levels obtainable on Earth with those in space.

ENVIRONMENTAL BEST CURRENTLY ACHIEVABLE ACHIEVABLE

PROPERTY ON EARTH IN SPACE

LOW GRAVITY • I0 "_ FOR 40 SECONDS • 10 "_ FOR WEEKS

(F_CTION OF • I0 "s FOR S SECONDS • I0 "s FOR DAYS

EARTH GRAVITY) • I0 "6 FOR HOURS

HIGH VACUUM

(FRACTION OF EARTH • I0 "I_ FOR IIOURS • I0 "l' FOR MONTHS

SURFACE PRESSURE) • VOLUME ZS LITERS • VOLUME UNLIMITED

Figure 2-3. Data Points at Microgravity and High

Vacuum Availability



2.3 The Rationale for Materials Processinq in Space (MPS)

THE CONCEPT - The key to materials technology is to control properties of materials

to produce quality products.

Low gravity and vacuum, singly or in combination, provide the materials industry

with two key opportunities:

• The investigation of the properties of materials under exceptional
conditions, either difficult or impossible to achieve on Earth

The formulation of materials having unique properties

Both of these opportunities can be exploited to:

Better understand the mechanisms of materials formation and behavior

for the purpose of developing new or improved processes usable on
Earth

Exploit space itself as a facility wherein to manufacture special
products of high value per unit weight

Figure 2-4 below breaks down the principal MPS categorization by objectives.

These are more fully explained in Chapters III, IX and XIII.

I
ATOMIC/MOLECULAR STRUCTURE

(SASIC)

I
ORDEREO DOPANT RANDOM
LATTICE OISTRIRUTION LATTICE

MP$ OBJECTIVES

I
CONTROL OF MATERIAL PROPERTIES

(SETTER MATERIALS)

I
INTERNAL STRUCTURE EXTERNAL STRUCTURE

(MICRO) (MACRO)

I !
I I I I

GRAIN FIBER UNIFORMITY BODY SURFACE

COMPOSITION OF MIX GEOMETRY GEOMETRY

• ALIGNMENT

I
CONTROL OF

MATERIALS PROCESSES

(MORE EFFECTIVE
GENERATION

OF MATERIALS)

[ i
PURITY THROUGHPUT

Figure 2-4 Materials Processing in Space
Categorization by Objectives
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2.4 Principal Industrial Applications of MPS

Industry's current interest in MPS centers on these major production techniques:

MATERIAL SEPARATION=

through e lectrophoresis.

The separation and purification of biological material

CRYSTAL GROWlH: The production of high purity crystals free from convection

created imperfections.

COMPOSITE MATERIALS FORMATION= The production of mixtures of materials with

different densities which would separate under normal gravity. In microgravity mixtures

remain suspended during melting and solidification. This opens a new field of

superconductors, eutectics, and higher strength alloys.

2.5 The Current Statusof MPS

Less than 30 hours of MPS experimentation in microgravity have been conducted

prior to the inauguration of Shuttle flights. The Shuttle is being used as a platform for

confirming areas of promise, translating new processes and techniques into practice, and

conducting longer term research into areas of interest.

Two specific Shuttle experiments are moving beyond basic research:

o Large monodisperse latex spheres production;

O The Continuous Flow Electrophoresis System (CFES) tests conducted by

McDonne II Douglas/Johnson & Johnson.

Monodisperse latex spheres have been grown to the size of 18 microns with five

times the uniformity of ground samples; spheres as large as 30 microns with less than 2%

standard deviation from rounding have been produced as well. This MPS process is close

to commercial scale-up.

The McDonnell Douglas/Johnson & Johnson CFES device has demonstrated a

considerable improvement over conventional, ground-based devices -- 500 times the



throughput and five times the separation of living cells. Selected preparations of these

cells are planned to be used in humans for therapeutic purposes. The actual biological

materials to be evaluated and approved for clinical testing and marketing are proprietary

under a joint endeavor agreement signed with NASA. The process of continuous flow

electrophoresis is approaching the point where this clinical testing will be scaled-up to

commercial levels.

2.6 Industrial Evaluation of MPS

Commercialization requires an orderly evolution from basic understanding to

eventual industrial exploitation. This process begins with an understanding of the theory

of the phenomena being exploited, followed by control of the process via the application

of microgravity and/or vacuum. These typical steps in implementation of MPS are

depicted in Figure 2-5. Finally these new processes are adapted to produce industrial

quantities for use in the market place.

In the last five years an increasing number of industries have recognized the

possible advantages of utilizing MPS.

i UNDERSTAND...__ CONTROL ._.._I ADAPT "'-!
• Oynamlcs _ • Structure _ I • Energy _ I
• Kinetics • Properties • Environment

• Performance • Economics

Effects on IGravity

Materle'lS"nPr°Cle-SseSJoA a/•s-- THEORETICAL AND EMPIRICAL ANALYSIS

I

a; indlvld_a I _ AND GROUND/SPACEBORNE RESEARCH

Processing Parameters I _ I
I Demonstration I

i of Control of _ GROUNO/SPACEaORNE

"_kk_] Materials Processes I MATERIALS ENGINEERING
_ I PRE-PRODUCTION

-- I I Application of / INVESTIGATIONS
' _ AND PILOT PLANT
I Science Results to 1 I OPERtATIONS

"_ Materia Is Techn°logy I _/I

I, _ Adlptlllon of

I Materials Technology

_ l to Commercial

Applications

Figure 2-5. Typical Steps In Implementation of MPS



2.7 Industrial Relations With NASA

NASA is required, by Congressional mandate, to transfer its available technology,

when possible, to industry.

The terms of these NASA/Industry interactions are highly flexible and can be

individually tailored to the needs of each interested industry. Figure 2-6 provides an

overview of the possible working relationships with NASA. Their structure is based on

three types of arrangements:

Technical Exchange Agreements, which allow industries to cooperate

with NASA in ground-based research and analyses, and to have access to

NASA's results, facilities, and personnel -- as long as the information is

non-proprietary.

O Agreements sponsored by an Industrial Guest Investigator, who appoints

a technical expert to collaborate with NASA experts on flight

experiments.

0 Joint Endeavor Agreements, by which industry and NASA share the

effort and costs of a complete program, from feasibility study through

flight tests to demonstration.

Negotiated terms include:

o Protection of proprietary industrial information;

o Industry rights to patents;

o Provisions for exclusivity;

o Others, negotiated case by case.

9
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NASA advisory services are available to industries interested in structuring cost

effective programs of investigation, experimentation and testing. The course of its

communications with NASA, industry's most frequent questions relating to MPS are:

o What products have been produced?

o How are proprietary data, patent rights and other protection provided?

o What are available flight opportunities?

O What supporting information (power-volume-thermal-data collection

etc.) can be provided?

o How much will flights cost?

The answers to these questions are subjects to be discussed with NASA's Office of

Commercial Programs which can lead to an agreement between NASA and the potential

user. The key ingredients of an agreement are:

o a sound technical idea;

o reasonable management plan;

o a schedule of activities.

2.8 MPS Experiment Results

All MPS experiments conducted prior to Space Shuttle flights are summarized in

Appendix A. Those experiments conducted on Shuttle flights are summarized in

Appendix B.

The MPS investigations in Appendix A are subdivided into four categories:

I) Demonstrations of processes. These are tests, or series of tests, aimed at

demonstrating processes during space flight. For example, the series of

II



electrophoresis processingtests performed on Skylab$

Experimental data points collected in a terrestrial low-gravity, or vacuum

facility. In this category fall experiments aimed at demonstrating specific

effects of the space environment, postulated by theory_ for example, tests to

validate the fact that convection does not operate under low-gravity

cond it ions

3) Theoretical analyses -- for example, the expected MPS findings performed by

the Bureau of Standards under contract to NASA_

Process technology or equipment developments necessary to enable precise

measurements or collection of data unique to the space environment. These

include special studies and techniques for the transfer of processes to Earth-

based systems_

The MPS investigations in Appendix B are listed in conjunction with the nine

completed STS flights, and subdivided into the four categories defined in 2.8.

12



III.BACKGROUND AND OBJECTIVES

3.0 Background

Since the inception of its activities, NASA, in the interest of industrial

development and varied public service, has pioneered the use of the unique physical

properties of space. This exploratory venture has given rise to well-known technological

products and services -- communication satellites, atmospheric and earth observation

space systems, and the growing industry of privately-owned space launchers and service

sate II i tes.

Throughout the last decade, NASA has intensified its investigation of the

exploitation of certain properties of the space environment -- primarily low gravity and

high vacuum -- to improve industrial processes. NASA performed approximately 130

theoretical and experimental investigations in the microgravity sciences prior to the

inauguration of the Space Shuttle program, either in ground produced microgravity

conditions or in conjunction with actual space flights. Ground-based microgravity

conditions were created through the use of drop facilities, aircraft in parabolic

trajectories, or coasting rockets. Space-based microgravity conditions were realized on

Apollo, Skylab, Apollo-Soyuz Test Project (ASTP) and, most recently, Space Shuttle

flights including Spacelab. Finally, NASA's newest planned endeavor, the earth-orbiting

Space Station, will serve as a full-fledged development and prototype production facility.

3. I Objective

The principal objectives of this investigation into MPS are threefold: I) to provide

industry with the latest results of microgravity materials processing, 2) to indicate areas

of promise for further MPS experiments, and 3) to indicate potential areas in which this

research can be used commercially. This report on the available research results will

facilitate the compilation of all completed and planned experiments in MPS.

13



IV. DATA SOURCES

The majority of the MPS data used in this study was collected from six major

sources of pre-Shuttle and Shuttle experiments:

o NASA Technical Memoranda (TM)

o Principal Investigator (Pl) and Contractor Reports

o Proceedings of Conferences

o Journal Articles

o Articles derived from Bibliographies of MPS literature

o Spacelab Investigator's Presentations

Table 4-1 illustrates specific examples of data sources available for this information.

NASA TMs, provided ground-based research as well as research from the space

missions of Apollo, Skylab, and the Apollo-Soyuz Test Project. Experiment objectives,

discussions and some results are included in these documents.

These TMs, however, frequently lacked a discussion of experiment results. Letters

were sent to 6S Principal Investigators (Pls), requesting the results from their most

recent experiments. Six of the Pls responded with new information; ten had changed jobs

without leaving a forwarding address; nine sent copies of old information on file; and

three contributed a wealth of updated, usable results which were incorporated into the

MPS results table. Morever, phone calls were made to approximately 3S NASA personnel

involved in areas of materials processing.
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TABLE 4- I

EXAMPLES OF DATA SOURCES

I. NASA Technical Memoranda

• Naumann, R.J.9 1979. Early Space Experiments in Materials

Processing. NASA TM-78234

• Pentecost_ E., 1982. Materials Processing in Space. Program

Tasks. NASA TM-82496

II. Principal Investigator and Contractor Reports

• Gelles_ S.H.gE.W. Collings9 W.H. Abbott_ and R.E. Maringer_

1977. Analytical Study of Space Processing of Immiscible

Materials for Super-Conductors and Electrical Contracts.

NASA CR- I SO 156.

II1o Proceed ings of Con ferences

• Marshall Space Flight Center_ NASA_ 1974. Proceedings of the

Third Space Processing Symposium -- Skylab Results (2

Volumes).

IV. Journal Articles

• Covault. C._ 1982. Payload Tied to Commercial Drug Goal.

Aviation Week and Space Technology9 May 31_ Issue.

V. NASA Bibliographies of MPS Literature

• Pentecost9 E.9 1982. Materials Processing in Space

Bibliography. NASA TM-82466.

Vl, DFVLR Abstracts_ Etc.
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Journal articles provided summaries of specific experiments. Proceedings from

conferences also provided excellent discussions and some results of successful and

potentially successful experiments. Preliminary presentation materials on experiments

pertained in shuttle Middeck and Spacelab has provided a significant wealth of new

information.

A sizable collection of other literature sources, was used as well, dealing wHh

microgravity included press kits (STS-3 through 9), European Space Agency (ESA)

brochures, and Space Transportation System User handbooks, statistical information was

retrieved from Federal agencies, including the Department of Commerce, the National

Science Foundation, the General Accounting Office, and the Senate and House

testimonies on NASA appropriations. Catalogs of product lines and price lists were

obtained from a variety of U.S. pharmaceutic and chemical manufacturers, which

provided a data base of product prices.
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V. MARKETING MPS

5.0 Background

In essence, commercialization of space requires the application of the most cost-

effective technology possible to induce a suitable segment of the industrial community to

use the space environment for profitable purposes. Two interrelated marketing

techniques faci l itate this goal:

o Identification of a market

o Capturing of a market

5. I Identification of a Market

A potential market, in industrial terminology, is categorized as "gross",

"addressib le" or "capturab le".

Gross market designates the total population of possible customers for a given

product or service. The gross market for MPS, for example, would include all of those

industries which produce materials, and/or process materials into added-value products.

The addressable market, a sub-class of the gross market, consists of those potential

customers whose requirements for products and/or services relate closely to the products

and/or services being offered by the "selling" industry. In the case of MPS, the address-

able market includes industries which either:

0 Produce products of high specific value, i.e., high cost per unit weight;

or

o Engage in "exotic" processes whose intimate workings are not fully

understood, and therefore could benefit from additional insight through

R&D efforts. In order for a process or product to be applicable to this

market, its potential benefit must be convertible into potential sales

from either the improved understanding of a product or process, or the

more efficient performance of a process.
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The capturable market is that segment of the addressable market which will

actually purchase the products or services being offered. In the case of MPS, the

capturable market represents those customers who can be expected to eventually benefit

from MPS activities.

Addressable and capturable markets are statistical rather than deterministic

concepts. They become deterministic after the sales are actually completed.

S.2 Capturing of a Market

Existing approaches to capturing a suitable share of the addressable market are

variants or combinations of two principle methods:

o The canvass method, and

o The applications development method.

Through the canvass method the seller seeks to elicit customers from within the

base of the addressable market by offering a product or service on a statistical basis.

The seller assumes that a certain percentage of prospective customers will be converted

to "captured" customers. The underlying assumption in the canvass approach is that the

higher the total number of prospective customers contacted, the higher the actual

number of customers there will be.

By using the applications development method, the seller assesses the prospective

customer's businessi and then markets his product or service in such a way as to provide

specific economic advantages to the prospective customer. In other words, the seller

markets a "result" demonstrably benefitting the buyer, i.e., predicated upon the buyer's

capacity to use a particular product or service.

The main criterion for choosing one of these marketing methods is

cost/effectiveness, i.e., the ratio of sales to the cost of the resources expended to

produce the sales.
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The canvass method has proven to be most cost�effective in cases where the

application of the product or service is obvious or readily conceived by the prospective

customer, This is the case, for example, of consumer products,

The applications development method has demonstrated maximum

cost/effectiveness in cases where the product or service offered is not obviously related

to the prospective purchaser's advantage. This is generally true of complex, high

technology processes. A typical example is offered by the introduction of computers

during the fifties. The potential buyers had difficulty in associating the use of computers

with their business needs. Successful computer manufacturers approached this marketing

problem by initially analyzing their prospects' operations. They then configured and

presented their product in terms of a service which would increase the industrial

productivity of a targeted customer's operation.

The applications development method has been recommended in a previous study.

While the canvass approach has been and is still being employed by NASA in other space

industrialization efforts, the applications development approach should reach and

effectively influence a wider base of interested industries.

The applications development method can be adapted to MPS through the following

procedure:

o Characterize the space environment and identify its unique properties;

O Isolate the exploitable effects of the space environment in general, and

define, qualify, and quantify those characteristics specifically

applicable to MPS techniques;

Derive and categorize the proven applications of these effects, i.e., the

results achieved thus far in NASA's MPS effort_

Summarize the most promising payoffs anticipated from MPS, based

upon the expected experimental and/or theoretical results to be

ach ieved;
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O Identify corresponding candidate commercial products and processes

which could be improved and enhanced through MPS_

O Identify specific industries as candidates for manufacturing these

products or using these processes_

O Initiate a program of direct queries of these industries to assess their

interest in and their reservations and potential difficulties with the use

of the space environment for profitable ventures_ and

O Develope a modus operandi by which NASA can interface with the

candidate industries.
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Vl. SPACEENVIRONMENTPROPERTIES

6.0 General

In this chapter the exploitable environmental properties of the space environment

are examined from a "Top-Down" view. The principal effects of the space environment

are discussed first; the applicable properties and effects are then identified, quantified

and compared to those occurring at the Earth's surface; finally, the current status of

scientific or commercial exploitation of these effects is explored.

The "Top-Down" view of unique properties and potential applications of the space

environment, shown in Figure 2-2 and repeated in Figure 6-1, is explained in the

subsections which follow.

6. I Isolation of the Principal Effects of the Space Environment

The environment for MPS operations is characterized by: (I) low gravity; (2) the

rarefaction of the medium (vacuum); (3) background radiation; and (4) synoptic overview

of the Earth's surface and atmosphere.

The latter effect, i.e., synoptic overview, has given rise to the important

disciplines of communications and remote sensing from space. These are the first space

based operations to transcend the barrier of research and be successfully

commercialized. However, the synoptic overview does not effect materials processing

and therefore will not be considered further.

6.2 Microcjravit y

In Earth orbit the gravitational force can be reduced to the realm of one millionth

(10 -6) of the force at the Earth's surface. The spacecraft is actually in a state of

freefall but its orbital velocity and direction carry the vehicle beyond the Earth. In this

situation the centrifugal force acting upon a spacecraft equals the centripetal pull of

gravity: although gravity is active in Earth orbit, the effect is essentially balanced by

the centrifugal force of the vehicle's orbital motion.
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Figure 6-1. Unique Properties and Potential Application

of the Space Environment

In space, a slight aerodynamic drag causes deceleration, producing a condition

referred to as "weightlessness" or, more accurately, microgravity. In this microgravity

condition, the gravitational force is smallest at a spacecraft's center of mass and

changes slightly as one moves away.

Besides these slight gravitational forces, other acceleration factors effect an

orbitting spacecraft. Orientation maneuvers and movements within a spacecraft create

small, spurious forces; centrifugal forces are created from spacecraft altitude motion

during the course of material science experimentation. These forces, causing small

departures from ideal microgravity conditions, are known as "g-jitter". Table 6-1

illustrates the principal residual g-levels, present within spacecraft in low earth orbit,

induced by phenomena within the environment of the spacecraft.
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TABLE 6-I

PRINCIPAL RESIDUAL G-LEVELS PRESENT

WITHIN SPACECRAFT IN LOW EARTH ORBIT (400 KM)

APPROXIMATE

FORCES INDUCED BY: EFFECT, KILOGALS

CONTINUOUS BELLY-DOWN ORIENTATION
-7

1.33 x 10 x d

CONTINUOUS INERTIAL ORIENTATION
-7 t

3x 10 xdsin 2-1--

ATMOSPHERIC DRAG

2 -6
Example: forA= 100m ,W= 100tons, G,_10

-3 A
10

W

Kilogals

d = distance from C.G., meters

T = orbital period, minutes

t = time elapsed, minutes
2

A = spacecraft frontal area, m

W = spacecraft weight, Kg

I Kilogal _ I g
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In microgravity, important, unique activity of phenomena have been discovered.

For example, fluid deformation from hydrostatic pressure does not occur; convection

currents, from the rising of warmer and the sinking of cooler portions, are absent; and

the effects of buoyancy and sedimentation are eliminated, and thus, fluids do not

separate from density differences.

Low levels of gravity are achievable on Earth for short time intervals. The oldest

such method is the release of objects from tall structures, a method first utilized by

Galileo by dropping objects from the Leaning Tower of Pisa. During the eighteenth and

nineteenth century, "shot towers" were used to cast round pellets by dropping molten

lead through a sieve into an underlying tub of water, see Figure 6-2.

There are some limitations, however, to these Earth-based methods. Drag effects

of a free-falling objects in the atmosphere counter the gravitational-acceleration force.

Drag and velocity will increase with fall time until a point is reached when the drag

force is equal to the object's weight. At this point the Iow-g effect will be rectified.

This problem of atmospheric drag can be eliminated through the use of evacuated

drop tubes. However, the cost of these structures and the technology required to create

high vacuum for large volumes and long durations has thus far limited their height and

therefore the time of microgravity simulation. The tallest evacuated tower in existence

is at the Marshall Space Flight Center (MSFC) in Huntsville, Alabama. Its I00 meters

allow free-fall durations of 4.2 seconds.

Another method employed to minimize atmospheric drag is the use of an

aerodynamic shield, such as the 130 meter drop facility at the Lewis Research Center.

Other earth-bound methods of producing Iow-g for short periods of time are parabolic

trajectories of aircraft and coasting rockets.

The Micro-g simulation on Earth is shown in Figure 6-1, in which the branch of the

top-down view connoting "short-term low-gravity" is terminated at the second level of

the top-clown chart.
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BALTIMORE SHOT TOWER

A low gravity production facility
built in 1829 and used during the
Civil War and up to World War II
to produce round shot by drop-
ping molten lead 230 feet onto a
vat of water. The molten lead
solidified in free fall yielding
spherical pellets of the desired
caliber.

Figure 6-2. The Baltimore Shot Tower
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6.3 The Rarefield Medium

The Earth orbital space medium, often designated as a void or vacuum, is not

entirely empty. Matter, mostly a plasma, i.e, a gas of charged particles, is present in

low densities. Dust, neutral hydrogen, and other chemical molecules are also present in

lesser amounts.

Characteristics of the average values of available vacuum in Earth orbit are

summarized in Figure 6-3. It is apparent that the level of vacuum available at low

orbital altitudes is not much higher than what is present in commonplace objects, such as

lightbulbs or vacuum tubes (10 -6 to 10-8 Torr).

ORBITAL

ALTITUDE, KM

700 _

600 -

500 _

400 --

300 --

200 --

100 _

NOTE: ACTUAL VALUES ABOVE 200 KM CAN VARY

BY AS MUCH AS -_ 300% A8 A FUNCTION

OF SOLAR ACTIVITY, LATITUDE, SEASON.

0
I I I I

10 -9 10 -7 10 -5 10 -3 10 "1 10 10 3 10 8

VACUUM,
MILLIBARS

Figure 6-3. Average Values of Vacuum Available

in Earth Orbit.
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A significant improvement in this vacuum level can be attained in the wake of a

"shield" moving at orbital velocities. The vacuum effect behind a moving shield acts as a

"sweeper" of the residual particles, as shown in Figure 6-4. The theoretical values of

vacuum, in proximity of such a shield, reach upwards of 10-17 Torr. Higher levels of

vacuum in Earth-based vacuum chambers are achievable for limited time spans ranging

from hours to days. These limited time spans and Tort, however, inhibit the

effectiveness of Earth-bound experimentation and commercial exploitation. Thus, in

Figure 6-1, the corresponding branch of the top-down view is terminated.

DIRECTION OF ORBITAL MOTION

T
-15torr -lOtorr -9 torr

4 x 10 2 x 10 3 x 10

HYPER

VACUUM

I-_- 10 METERS _ 10 METERS 10 METERS_

Figure 6-4. Vacuum Effect Behind a Moving Shield

(Adapted from Naumann, Materials

Processing in Space, Nasa SP-443.)
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The long duration vacuum condition in space produces three principal exploitable

effects, see Figure 6-1.

I. High degree of cleaniness or purity:

O This characteristic is apparent in materials processing in long duration

vacuum due to the tendency of unwanted materials to evaporate.

2. Isolation:

0 The continuous high vacuum of space acts as an "isolator", preventing

deleterious substances from spilling over into the Earth environment.

This exploitable effect relates especially to the control of disease-

causing or toxic substances, such as pathogens or nuclear debris.

With respect to nuclear debris, while it is not neutralized by vacuum per

se, its attendant energy attenuates, in accordance with the inverse

square law 9 by virtue of the distance between orbital altitudes and the

Earth's surface. It is reduced further by the absorbing effect of the

atmosphere. Because of this isolating capability of space, the removal

of nuclear debris, from the Earth's surface to space, has been advocated

in the past; however, it has not been attempted because of launch

failure and the international treaties prohibiting this usage of the space

environment.

3. The absence of aerodynamic friction:

O

6.4 Radiation

This effect permits the deployment and maintenance of large

structures, such as an antenna for communications purposes.

Space is permeated by a wide spectrum of electromagnetic and particulate

radiation. In Figure 6-S the spectral irradiance of sunlight is compared with the solar

exo-atmospheric spectrum.
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Figure 6-5, Spectral Irradlance of Sunlight

Note that the ultraviolet, x-ray , and thermal infrared portions of the spectrum are

effectively filtered by the Earth's atmosphere. However, those portions of the electro-

magnetic solar spectrum, which are absent at the Earth's surface, con be simulated on

the ground. Thus, the corresponding branch of the top-down tree is terminated in Figure

6-1.

The two principal sources of particulate radiation are the solar wind plasma and

cosmic rays.

The solar wind is composed primarily of protons and electrons with ion traces of

helium, oxygen, carbon and other elements. The kinetic energies of the particles

composing the solar wind are relatively modest, well within the realm of what can be

reproduced on Earth. Consequently, the corresponding branch of the top-clown tree of

Figure 6-1 is terminated.

Cosmic rays, which originate in galactic space, consist of particles (protons and

nucleons) possessing energies ranging upwards of 108 billion electron volts (Bev). These

29



high-energy particles do not reach the Earth's surface because they "split" and

"degenerate" upon colliding with atmospheric molecules. Such high energies, at the

present time, cannot be generated even in the best available ground-based particle

accelerators. The most energetic of these accelerators is capable of 600 Bey, or several

orders of magnitude less than natural cosmic rays.

A potential application of these energetic particles is the irradiation of materials.

Irradiation is currently being performed industrially in such applications as used in the

conditioning of elastometers, the preservation of foodstuffs and in hi-energy research.

The space environment offers the opportunity of testing these irradition effects of a long

duration use of hyper-energy particles.

6.5 Commercial Application of Space

The current status of research and development into the commercially exploitable

effects of the space environment is shown in Table 8-2. Further MPS research in long

duration microgravity, lift vacuum and high energy, should concentrate on those

commercially applicable effects which are not readily or cost-effectively created on

Earth.

The commercial application of the space environment is currently being researched

by NASA, The European Space Agency, the U.S.S.R. and Japan.
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TABLE 6-2

STATUS OF DEVELOPMENT OF COMMERCIALLY EXPLOITABLE

EFFECTS OF THE SPACE ENVIRONMENT

APPLICATION STATUS

• HYPER-ENERGY IRRADIATION OF
MATERIALS

• UNEXPLORED

• BASIC PHYSICS OF MATTER • INVESTIGATED IN SOVIET
"PROTON" SATELLITE

• RESULTS: LIMITED VALUE DUE TO
LOW DENSITY OF COSMIC RAYS

INHIBITION OF DELETERIOUS
TRANSFER EFFECTS

• NUCLEAR WASTE
DISPOSAL INVESTIGATED

• REJECTED DUE TO HIGH COST AND
RISK OF CONTAMINATION FROM
LAUNCH ABORTS

DEPLOYMENT OF LARGE ANTENNA
STRUCTURES

• APPROXIMATELY 15
ENGINEERING STUDIES
PERFORMED

• MARKET ANALYSIS NOT YET
PERFORMED

• POTENTIAL HIGH COMMERCIAL
VALUE TO COMMUNICATION
INDUSTRY

CONTROL OF MATERIALS PROPERTIES •
AND

CONTROL OF MATERIALS PROCESSES

SUBJECT OF ONGOING
MPS PROGRAMS IN U.S., U.S.S.R.,
EUROPE, JAPAN
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Vll. MPS PROCESSING TECHNIQUES

7.0 Purpose

The purpose of this Chapter is to examine the following processing techniques

which have attracted the most attention in MPS research.

o Particle Separation and Purification

o Crystal Growth

o Containerless Processing

o Composite Casting

o The processing of Monodisperse Latex Spheres

7. I Particle Separation and Purification

Biological materials can be separated and purified in a fluid by the application of

an electric charge. In this process9 known as Electrophoresis (Figure 7-1)_ biological

material is introduced into a carrier fluid (buffer solution). Ions within the solution

combine with molecules of the biological material to form charged particles. When an

electric field is applied_ the particles begin to flow through the carrier fluid at a velocity

directly proportional to their charge. Terminal velocity will be reached when the viscous

drag force equalscharge drive force. In time the particles will separate into highly

concentrated and uniform clusters of biological particles which can be collected for

scientific or medical use.

Improved separation and purification techniques are frequently needed in

biomedical research where cell components_ cell byproducts and proteins are typically

found in very low concentrations9 or embedded in matrices of other very similar

materials_ e.g._ beta cells in a mixture of cells comprising a pancreas. Purification is

also required if a material contains substances which are potentially harmful or produce

undesired side-effects.
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Electrophoresis is significantly limited on Earth, however, by convection currents

which tend to stir up the fluid, and by problems of sedimentation and buoyancy. On

Earth the density of a carrier fluid begins much lower than the density of most proteins,

which causes the target materials to settle. This Earth-bound concentration ratio of

biological material to carrier fluid is limited to about 0.02 percent.

In microgravity, operations of space concentration levels of biological material can

be increased to 2S percent (125 fold), in the absence of sedimentation and convection.

Moreover, sample inlet ports can be increased and applied voltage can be accelerated in

space. As a result, a SO0 times increase in throughput and a four to five times increase

in purity are possible in space based electrophoresis. The associated problem of

maintaining active, separated cells during their return to Earth is currently being

researched.

The electrophoresis technique known as isoelectric focusing makes use of particle

motion created when the ph of a particle differs from the ph of the surrounding

medium. In this process, diagrammed in Figure 7-2, a buffer solution creates a ph

gradient when an electric charge is applied. Sample material, injected at the low ph end,

flows toward the higher ph, and then separates as the particle ph mathes the buffer ph.

At this point, called the isoelectric point, particle motion will cease, and particles from

the sample material with similar ph values will collect. Isoelectric focusing, however,

does not work on living tissue.

The most promising electrophoresis technique, continuous flow electrophoresis,

involves a continuous flow of both carrier fluid and biological material, see Figure 7-3.

An electric charge is applied perpendicular to fluid flow, causing the target material to

delect across the field of flow. The fluid and separated biological material are then

collected in a series of tubes spread across the exit ports.

McDonnell-Douglas Corporation and Ortho pharmaceuticals, a division of Johnson &

Johnson, have manufactured a Continuous Flow Electrophoresis System (CFES), Figure 7-

3, which was flown on six STS flights, see Appendix B. These experiments with CFES

have encouraged the development of hardware capable of commercial levels of

production.
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7.2 Crystal Growth

Single crystal silicon technology is at the foundation of the electronics industry.

The production of high purity crystals devoid of imperfections and impurities is the goal

of the industry. In the terrestrial processing of silicon crystals, convection currents

cause imperfections. In space where convection currents and radial thermal gradients

are laminated, high priority silicon crystals con be grown, for example in the high

vacuum environment produced by a wake shield.

7.2. I Semiconductors

Semiconductor crystals are used overwhelmingly in the manufacture of electronic

components (chips), as digital "gates" (open or closed). The technology trend is to

achieve even-greater densities of gates per unit area (gates per square mil), see Figure 7-

4 (Progress of Gate Density). Desirable technical characteristics of semiconductor gates

are:

o High switching speed

o Low switching speed

O Uniformity of switching speed and power throughout the various gates

employed in a given set of circuits (chip)

o Low cost

A basic relationship, applicable to all linear semiconductors, connects parameters I

and 2:

For a uniform semiconductor, the product of switching speed (microseconds)

and switching power (microwatts) is a constant, which depends only on the

type of materials employed,

This product is also known as the pJ factor (pJ stands for picojoules, i.e., the

product of microseconds switching time and microwatt switching power). Figure 7-S

show the behavior of these semiconductor gates.
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The desire to reduce the pg factor stems from obvious practical considerations:

O The drive towards greater density places increasing numbers of gates on

a clip.

O This causes increased heating when these gates are driven at the shorter

switching times.

O For certain applications, this excess heat can be dissipated by forced

cooling (conduction, gas, liquid cooling)_ however, it is desirable in

general to dispense with or minimize the need for cooling.

o This motivates the drive for lower switching powers.

In practice, semiconductor crystals grown in terrestrial facilities exhibit significant

variations in the pJ factor among different domains (slices) of the crystal's body. These

are due to microturbulences arising from the manufacturing process under one-g

conditions. These microturbulences induce a lack of uniformity in the finished product,

which, in several applications, either forces the manufacturers to perform "selection"

procedures, or requires that the assembly of gates (chip) be driven at higher powers than

would be the case with higher uniformity (because the more "sluggish" gates need to be

dr iven "harder").

7.2.2 Vapor Transport

In the simplest vapor growth system, crystal growth occurs by physical vapor

deposition. Polycrystalline material is located at one end of a closed container, or

ampoule, and a small "seed" crystal may or may not be placed at the other end. The

ampoule is placed in a furnace such that the end containing the source of polycrystalline

material is at a temperature sufficiently high that some of the material vaporizes. This

vapor fills the ampoule, and at the cooler end it condenses and returns to the solid

state. The seed serves as a locus of condensation and provides the appropriate structural

model for preferential crystal growth. If experimental conditions are appropriate, the

crystal structure of the seed will be perpetuated during condensation and a large single

crystal will be produced. If no seed crystal is used, the material condenses directly on

the container wall. Nuclei are usually formed at microscopic surface imperfections on
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the wall, with the result that a seedless process usually produces a multitude of small

crystals.

Crystals can also be grown by chemical vapor deposition, as was the case in the

Skylab experiment. The difference is that the vapor is formed by chemical reaction of

the source material with a transport agent at the hot end of the ampoule, and solid

material is deposited when the reverse reaction occurs at the cold end. Figure 7-6 shows

the crystal growth by chemical vapor transport. Again, if experimental conditions are

appropriate, one or more single crystals are produced. These techniques for growth from

the vapor phase are referred to as closed vapor transport, meaning that the growth

ampoule is completely closed during growth. Single crystals may also be grown from the

vapor phase by allowing an appropriate mixture of gases to flow through a condensation

region. The depleted gas may then be exhausted or replenished and recycled. Such

systems are referred to as open or flow-through systems.

7.2.3 Directional So lidification

In crystal growth from a melt, it is necessary that solidification occur in a

controlled unidirectional manner. In the simplest cases, the material is contained in a

cylindrical crucible that is slowly withdrawn from the open bottom of a vertical tube

furnace into a cooler environment, causing solidification to proceed gradually from the

lower end upward. This is referred to as the Bridgeman or Stockbarger crystal growth

technique (Figure 7-7). If withdrawal is accomplished slowly and uniformly, and the

initial growth is monocrystalline, the remaining material may grow as a single crystal.

The probability of obtaining a large crystal is enhanced if a previously obtained small

crystal (a seed crystal) is used to initiate solidification, that is, if the seed is placed in

the bottom of the crucible and not allowed to melt. Other techniques are used, including

crucibles with conical bottoms, to encourage initial solidification at a single point.

7.3 Containerless Processing

One of the most exciting prospects of processing materials in space is the ability to

process uncontained liquids or melts. In the absence of other forces, the shape of a liquid

in a weightless environment will assume a configuration that minimizes interfacial

energy. For a completely uncontained liquid the equilibrium shape, or minimum-surface

figure, is a sphere. In the condition of free fall the sphere remains essentially
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unaccelerated relative to the spacecraft. However, the small kinetic reactions

originating in the slightly different trajectory of the freely floating sphere, the

background jitter of the spacecraft, and the residual velocity imparted to the sphere,

upon release, require an active position control if the sphere is to remain within the

confines of the furnaces for any length of time.

This can be accomplished in a variety of ways. If a gaseous environment is

permissible, acoustic drivers similar to loud speakers can exert an acoustic radiation

pressure on the sphere. By setting up a standing wave by means of a reflector, a stable

acoustic well will exist at one-quarter wavelength from the reflector, and the sphere will

be retained in the center of this well provided the energies associated with the

perturbing impulses do not exceed the energy of the well. Such an acoustic driver

putting out 160 dB (I W/cm 2) at IS kHz can levitate a low-density solid sphere in Earth's

gravity. However, liquid drops tend to deform and become unstable under such high-

intensity sound fields. In micro gravity substantially less acoustic power is required to

maintain position control. The use of three orthogonal drivers can produce three-axis

positioning and by appropriate phasing can also provide rotational control.

For systems requiring a vacuum environment, electromagnetic positioning can be

used provided the sample has same conductance. A radio frequency field induces a

current in the sample which in turn reacts to repel the inducing field. Such devices can

easily provide sufficient force to leviate a metallic sample at I-g. However, two

difficulties arise. First, the power required to levitate the sample usually produces

enough heat to melt it. Hence, it is not always possible to solidify the sample in a

controlled manner. Second, there is a region along the axis of the coil where the B field

is perpendicular to the surface of the sample. No force is produced at this point, and

when the sample melts in I-g, hydrostatic pressure can overcome the surface tension and

allow the sample to leak out.

Other mechanisms exist for position control, such as electrostatic repulsion and

radiation pressure. If there were a requirement to avoid any force on the sample, a

container could be literally flown around the sample by means of control jets.

One of the principal advantages of containerless processing is the elimination of

wall effects such as contamination, nucleation, and induced strain. Since materials such

as silicon and many of the oxide glass formers are highly reactive in the molten state (to
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the point of being universal solvents), considerable work has gone into minimizing
container effects.*

7.4 Composite Casting

Composite casting connotes the experimentation that solidifies materials which are

immiscible under normal gravity conditions. In a microgravity environment, materials

with differing densities or melting points will remain suspended when solidified from a

me It, mak ing composite cast ing possible.

By combining previously immiscible components, materials with higher tensile

strength, greater conductivity, improved pliability, or reduced weight could be

produced. Section 13.2.S discusses the potential uses of composite casting.

7.5 The Growth of Monodispersed Latex Spheres

Large monodisperse latex spheres are grown from minute "seed" particles. These

"seed" particles are generated by mixing a chemical monomer, initiator, and emulsifier.

The monomer is converted to latex; the initiator is the chemical that starts the reaction

which is then held in suspension form by the emulsifier. Heating initiates the overall

process.

Large spheres are generated from seed spheres by adding an additional monomer

and initiator. When the monomer is added, the particles swell and become spongy; heat

and additional initiator, harden the spheres.

Under normal gravity conditions, two phenomena tend to limit the growth of

monodisperse spheres. The first is that the spheres tend to float in the initial stage of

the reaction, because their density is less than that of the medium. This phenomenon is

known as "creaming". The second phenomenon is that as particles grow, they become

more dense than their medium and tend to settle on the bottom of the vessel. This

phenomena is not a problem in small spheres because gentle stirring can be used to keep

* Robert J. Naumann, and Harvey W. Herring, Materials Processing in Space: Early
Experiments, NASA, Washington D.C., 1980, pp 9-13, S1,52
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the particles in suspension. However, as the size of the particles grow beyond

approximately 10 micrometers in diameter, the collisions caused by increased stirring

result in deformation and clustering. Additional emulsifiers can reduce this problem, but

might generate spheres of divergent particle sizes.

In the microgravity of space, buoyancy and sedimentation are eliminated, reducing

the need for stirring and the probability of collisions. Also, emulsifier levels required

during processing can be kept low enough to avoid the generation of new particles.

As discussed in section 13.2.2, Monodisperse Latex Spheres are used in biomedical

research (such as drug carriers in the body), human and animal blood flow studies,

membrane and pore sizing in the body, and medical diagnostic tests; and as calibration

standards for optical and electron microscopes, coulter counters, light-scattering

equipment and many other types of laboratory equipment.

A special piece of hardware was developed to produce large mondisperse latex

spheres in space. This device known as the Monodisperse Latex Reactor (MLR), consists

of an Experiment Apparatus Container (EAC) and a Support Electronics Package (SEP).

The EAC contains four separate, independently operated chemical reactors. These

reactors are cyclinders, wrapped with heating tape, with stirrers for agitation and pistons

for measuring volume change during reaction. Each of the reactors will produce latex

from 100 cc of the chemical recipe. The SEP contains a preprogrammed micro-processor

which controls the experiment operation after manual activation by the crew, and a

recorder which stores all data produced during operation of the experiment.

The Monodisperse Latex Reactor was designed and engineered specifically for

microgravity production of up to SO or even 100 microns of latex spheres. The MLR was

flown on five Shuttle flights, successfully producing monodisperse latex spheres of up to

30 microns with a standard deviation of 2% or less. Efforts have been initiated to

develop a scaled up version of the MLR that would produce commercial levels of output.
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VIII. A SYNOPSISOF TESTFACILITIES

8.0 General

In this chapter, a synopsis of experimentally verified and planned test facilities for

the commercial exploitation of the space environment is presented.

8.1 Low Gravity Test Facilities

Microgravity can be simulated on Earth for a few seconds up to a maximum of

approximately seven minutes. Simulation methods may vary but the basic technique to

create microgravity is to put an object in free-fall. The simplest method, as mentioned

in Chapter VI, is to drop objects from elevated structures, commonly referred to as "drop

towers". Alternative methods are to use specially equipped aircraft in parabolic

trajectories or specially designed rockets which carry a payload into a coasting phase and

return to Earth for retrieval.

There are several drop towers in this country. At Marshall Space Flight Center,

there is a 30 meter drop tower which can produce 10-Sg for 2.4 seconds; and a 100 meter

drop tower which can produce 10-Sg for 4.2 seconds. At the Lewis Research Center,

10-Sg is possible for S seconds.

KC-13S aircraft flying a parabolic trajectory can produce 10-1g for 40 seconds or

10-2g for 10 seconds. Rockets, specifically the Space Processing Applications Rocket

(SPAR), can produce 10-4gs for S-7 minutes. In Figure 8-I,a profile of best attainable

microgravity x duration levels, the curve labeled "Earth" represents the envelope of

these values.

Because these microgravity conditions are for short durations only9 the processing

of materials must be on a scale in which the microgravity conditions can effectively

influence the material. Table 8-1 depicts the typical size of materials which can be

processed in ground based low-gravity facilities, namely small samples.
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TABLE 8-I

TYPICAL SIZESOF MATERIALS SAMPLESWHICH CAN BE

PROCESSED IN GROUND-BASED LOW-GRAVITY FACILI TIES

FACILITY

30-METER DROP TUBE

100-METER DROP TOWER

AIRCRAFT

ROCKET

SOURCE:

LOW-G TIME

SECONDS

SAMPLE SIZE

GRAMS

2.4 0.5 TO I

4.2 I TO 5

10TO60 5TO 10

2/.I.0- 360 200 TO 300

COMMERCIAL APPLICATIONS OFFICE,, MARSHALL SPACE FLIGHT
CENTER.

In space, MPS investigations have been conducted during Apollo (flights 14, 16, and

17), Skylab, and the Apollo-Soyuz Test Project. Current testing is being performed

during some Space Shuttle flights. In the mid-1980s, unmanned experimentation and

manufacturing in space will be available on specially designed free-flying satellites. In

the early 1990s, NASA's Space Station will be available for manned research and

commercial operations.

The Shuttle can produce continuous gravity levels slightly less than 10-b,g for a

maximum of four days. It con generate lower gravities (10-6g) for shorter periods (order

of I hour) with the help of special operational procedures. The estimated g-time

duration Shuttle envelope is shown in Figure 8-2.

In theory, a Space Station could maintain continuous low gravity of at least 10-4g

for several months. Lower gravity levels of order 10-6g could be achieved for shorter

periods given the use of special operational procedures and a suitable location of the

experimental equipment. The corresponding estimated space station g-time duration

envelope is shown in Figure 8-1. The free-flyer missions are planned to be six months in

duration achieving microgravity levels up to 10-Sg.
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8.2 Vacuum Test Facilities

The technology for generating vacuum is well developed on Earth. Pumping devices

used to evacuate lightbulbs and vacuum tubes maintain a vacuum of 10-6 to 10-8 Torr for

periods of time as long as 1,000 hours. High-technology vacuum pumps can produce a

vacuum of 10-16 Torr for up to one hour. See the curve labeled "Earth", for a profile of

the best attainable vacuum x duration levels, in Figure 8-2.
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EXPOSURE, HOURS

10,OOOw

1,000

1OO __

10_

1 m

SHUTTLE

SPACE STATION

0.1
/

10 -3 1_)-6
!

10 -9
i |

10-12 10-16

VACUUM, TORR

Figure 8-2. Profile of Best Attainable Vacuum

x Duration Levels.

49



The Shuttle, becauseof its low orbiting altitude, can produce vacuums not greater

than approximately 10-7 - 10-8 Tort 4 to 10 days (duration of a typical Space Shuttle

mission).

Creater vacuums are obtainable at higher altitudes or in a Space Station equipped

with special devices such as a Wake shield, shown in Figure 6-4. By virtue of its longer

mission and possible higher orbital altitudes, the Space Station is estimated to be able to

produce vacuums of 10-9 Tort for periods of 10,000 hours or more. Fitted with a Wake

Shield, the Space Station should be able, in theory, to provide and maintain a vacuum of

I 0-16 Torr for upwards of 1,000 hours.

8.3 Test Facilities for Combining Low Gravity and High Vacuum

On Earth, it is difficult to produce these two effects concurrently for an

appreciable length of time. The best obtainable non-orbiting facility is a SPAR flight,

maintaining both low gravity (10-4g for four minutes) and vacuum of up to 10-4 Torr,

depending upon the altitude reached.

The advantage to be gained from producing combinations of low gravity and

vacuum in space is in terms of the length of time in which both can be sustained

simultaneously. Estimated attainable gravity-vacuum duration envelopes for both

Shuttle and Space Station are shown in Figure 8-3.
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IX. SYNTHESIS OF MPS APPLICATIONS

9.0 Synthesis and Categorization of MPS Applications

Categorizations of MPS Applications have developed piecemeal over the last

decade and a half. These categorizations grew as new applications were devised,

gradually developed, and added to the inventory of actual or potential usages of MPS.

The conventional categorization of MPS applications is listed in Table 9-1.

While perfectly adequate and comprehensible to scientists and engineers familiar

with the field, this conventional categorization of MPS applications presents some

difficulties when submitted outside this community. One of its problems is that it

intermixes products, processing techniques and apparatus.

For example, the term "containerless processing" in Table 9-1 connotes a technique

rather than a product. The term evinces, at first blush, exciting vistas of unique and

valuable capabilities. Upon further consideration, however, one is unavoidably forced to

ask "how does containerless processing relate to specific processes or products?'

The answer is not easily obtained: it requires a considerable depth of analysis.

Similarly, the category "crystal growth and solidification" connotes a set of

techniques which are not unique to the space environment, but common to the

manufacture of diverse products, such as semiconductors and special optical substances.

One needs to engage in the mental process of assessing how this technique, when

effected in space, does differ advantageously from conventional methods of growing

crysta Is.

A more succinct grouping of conventional categories, shown in Table 9-1, has been

abbreviated Table 9-2, and recently appeared in literature. While it has the virtue of

conciseness, this abbreviated grouping still presents a problem for the industrial user,

namely relating MPS categories to specific industrial products or processes.
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TABLE 9-I

CONVENTIONAL CATEGORIZATION OF MPS APPLICATIONS

• Crystal Growth and

Solidification

• Electrokinetic

Separation

• Fluid Mechanics

• Composites

• Suspensions

• Immiscible Systems

• Solidification Front

Interactions

• Monadispersed Latex

Spheres

• Critical Phase

Transformations

• Floating Zones

• Distortional

In fluences

• Container less

Processing

• Degassing and

Desorption

• Extensive Electron

Beam Processing
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TABLE 9-2

ABBREVIATED CONVENTIONAL CATEGORIZATION OF MPS APPLICATIONS

• Crystal growth

• Solidification of Metals, Alloys and Composites

• Fluids, Transports, and Chemical Processes

• Ultra High Vacuum and Containerless Processing

Technologies

9. I Alternate Cateqorizations

As is the case with all new sciences, MPS Categorizations have grown through an

inductive process. Diverse findings and ideas gradually emerged and accreted to the

body of MPS knowledge.

The natural evolution of a maturing science is to eventually transition from the

inductive to the deductive approach to knowledge, i.e., from the particular to the

general, from a collection of facts to the definition of underlying and unifying "laws".

The advantage of the deductive approach is that it permits the philosophically

satisfying process of explaining the available facts_ further, and more useful in practice,

it allows the prediction of the ultimate consequences of "laws" and thus serves to guide

subsequent research towards approaching the ultimate limits of which the technology is

capable.

At this time, MPS appears to be sufficiently mature to lend itself to such a process

of deductive categorization.
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A deductive categorization of MPSfunctions shouldbegin with principles, i.e., with

the ultimate objectives of MPS; it should progress subsequently to its applications,

through an analysis of the exploitable properties of the space environment, following an

ordered sequence of logical steps.

The end applications derived from this approach should satisfy five criteria:

o Orthogonality, i.e., the applications should not overlap each other

0 Comprehensiveness, i.e., the method should encompass the spectrum of

current and potential future applications

0 Traceability, i.e., the genealogy of each application should be unequivocally

relatable to the objectives through each step of the logic

0 Visibility, i.e., the logic should allow facile communication and understanding

on the part of recipients not fully conversant with the field

Significance, i.e., the end results should be expressible in terms related to

economic value

Figure 9-1 illustrates a reconciliation of current categorization of MPS application,

derived from the top-down approach, introduced in Section 6 (Figure 6-1).

This scheme reconciles the current categorization with a deductive classification.

The scheme represents a science-oriented approach, useful to technologists for

categorizing actual or potential MPS products in terms of the space environmental

effect, or a combination of effects, utilized to generate them.

A more industrially-oriented categorization, by objective, is depicted in Figure 9-

2. Its logic derives from two top-level objectives:

o The development of materials having specified characteristics
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O The development of material-producing processes which are economically

worthwhile, i.e., efficient in terms of the required resources

These two objectives have been the goal and have permeated the evolution of

materials processing throughout mankind's history.

In pursuit of the first objective, for example, stone implements have been gradually

replaced by bronze, iron and then steel; bark bowls have given way to earthenware,

porcelain, and plastics; medicinal herbs have been superseded by potions, inorganic

pharmaceuticals and finally antibiotics. In all cases, new developments in materials

technology have evolved through improved understanding of how to control the properties

of the corresponding substances.

The second objective listed above addresses the obvious requirement for economic

efficiency. The occasional lumps of iron produced in Sumerian copper smelters became

of practical use only after the Hittites discovered how to produce the metal at

sufficiently low cost to warrant replacing their army's bronze swords. Aluminum, worth

more than gold before the inception of this century, became a major element of modern

technology only after the economical process of cryolite electrolysis was developed.
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The two objectives stated above correspond to the two top-level branches shown in

the logic tree of Figure 9-2, labeled respectively: Control of Materials Properties and

Control of Materials Processes.

Modern materials technology seeks to control the properties of materials at three

I eve Is:

The atomic or molecular structure -- Control of materials properties at this

level represents the highest degree possible for practical control to date.*

Such structural control is ultimately desirable for most materials. However,

because of its difficulty and expense, it is currently exercised for products

only where its use is of paramount necesssity.

Control at the molecular level is required: I) for generating highly ordered

lattices used, for example, as building substrata for semiconductors; 2) for

achieving distributions of suitable "impurities" (dopants) in exact proportions

and at precisely determined locations within ordered lattices in order to

produce high-quality semiconductors; or 3) for accomplishing highly random

distributions of atoms and molecules, needed for producing the category of

materials conventionally known as "glasses".

O Internal macromolecular structure -- Control at this level involves the

distribution or alignment of groups of molecules. This type of control is

attempted in the metallurgical industry, for example, to achieve desired

proportions and spatial distributions of hard per lite grains within softer iron-

carbon matrices. Concentration of hard grains at the surface of the internal

parts of machines provides resistance to wear; the softer material throughout

the rest of the machine provides resilience to impact. Also, grain and fiber

control is used to achieve uniform or pre-assigned distributions of two or

more materials, each having specified grain sizes which are immiscible in

bulk.

Control at the subatomic level is a logical next step of the advancing MPS
technology. It has not as yet appeared in current literature.
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O External structure -- Control at this level defines the shape of macroscale

objects. The intent of this type of control is to provide exact geometrical

shapes -- e.g., perfect spheres -- and/or preassigned surface finishes.

Examples are ball bearings, microspheres, electrical contacts.

It is clear that the three levels of control defined above can be attained jointly.

For example, machine parts almost always couple controlled internal grain

structure with precise external dimensions. Such combinations are conventionally

achieved by serial processing. One of the exciting promises of MPS is the possibility of

accomplishment by means of a single processing operation -- for example, through

container less processing.

In addition to striving for control of materials properties, modern industrial

technology seeks to continuously improve the economics of materials processes. This important

facet of MPS is indicated by the right-hand branch of the logic tree of Figure 9-2.

M PS technology offers two opportunities for improving processes:

o Manufacturing in the space environment, and

o Experimenting in the space environment

The first opportunity applies to situations where the value of the end-product is

sufficiently high, and the improvement of processing efficiency is sufficient ly significant

to more than offset the transportation costs to and from space. The second opportunity

applies in cases where three driving factors are present: I) conventional terrestrial

manufacturing processes are not clearly understood_ 2) improved understanding can lead

to significant reduction in the costs of the product_ and 3) the sales of the products are

sufficiently conspicuous so that even modest savings in processing costs would more than

offset the expense of space experimentation.

The classification proposed and shown in Figure 9-2 appears to meet the criteria of

usefulness outlined previously. The classification scheme is orthogonal_ there is no

overlap among functions. The classification is comprehensive because all classes of

materials, e.g., glasses, semiconductors, ceramics, metals, composites, polymers and
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complex biochemicals, fit into one or more of the control schemes. Traceability is

preserved becauseeach material can be connected to a specific class of control and

related back to the objectives of MPS.

This type of categorization, by virtue of its orientation towards "what to do",

serves to focus one's perception onto the MPS application of particular interest.

Note that the proposed categorization eliminates items which connote techniques

or apparatus, e.g., "containerless processing". The latter fall within the realm of "how to

do" rather than "what to do". They belong in a subsequent phase of MPS consideration,

dealing with which specific choice of technique to employ in attempting to achieve the

industrial customer's materials control objective.

9.2 Resultsof MPS Programs to Date

The time span of available results is from 1968 to 1983. Prior to the Space Shuttle,

approximately 130 MPS-oriented experiments and tests were conducted by the U.S. for a

total of approximately 30 hours of Iow-g exposure. These experiments and tests are

summarized in Appendix A. Appendix B summarizes the available results of Shuttle MPS

experiments. These summaries were derived from existing published literature. For

each investigation, the following information is provided:

o Tit le of the investigation as assigned in the literature

o Name and organization of the Principal Investigator (Pl)

o Vehicle on which the investigation was conducted, e.g., ground, rocket, Skylab

o Time frame when the investigation was conducted

o Objective of the investigation

o Results accomplished
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Of significance to the overall MPS program is the current status of the

investigations, in terms of progress through the successive steps of research,

development and demonstration. The scheme of categorization or stages of progress

toward commercialization is shown in Figure 9-3. With reference to this Figure, note

that the goal of research is to define, modify and verify a concept which holds promise

for MPS. The objective of development is both descriptive and predictive, resulting in

the verification of a concept suitable for commercial demonstrations or suggesting new

approaches for research to modify the concept. The purpose of commercial

demonstration is to show that the processing concept works on a larger scale, that

processing is economically attractive and that the market exists for the corresponding

product.

The investigations listed in Appendix A were categorized as to the stage of

progress toward commercialization and are presented in Figure 9-4. Note that only two

experiments could be classified as pilot-scale demonstrations. The one listed in the

column "absence of convection" demonstrated free-flow electrophoresis. The other

listed in the column "absence of buoyancy-sedimentation" demonstrated the manufacture

of large monodispersed latex spheres.

Comparison of the "categorization by objective" of Figure 9-2, and the

"categorization as to progress" of Figure 9-4, leads to a broad hypothetical inference

relative to potential commercialization of MPS materials, namely, that product

candidates for commercialization will likely reach fruition in those applications requiring

control of the macroscopic structure of a material or process. Thus, electrophoresis,

which appears closest to commercialization in Figure 9-4 (under the heading "absence of

convection" and "pilot clemo"), fits under the right-most column "control of material

processes" of Figure 9-2. The microsphere experiment, also close to commercialization

(see Figure 9-4 under the headings "absence of buoyancy sedimentation" and "pilot

derno"), fits in Figure 9-2 within "body geometry" under "external structure". Both these

categories connote control of materials properties on the largest (macro) scale.

Experience thus appears to indicate that control is most difficult for the smaller scales,

and less difficult as the scale of the product increases.

Almost two-thirds of the investigations tabulated in Figure 9-4 lie in the research

category. For most of these, the Principal Investigators did not provide explicit results.
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DEMONSTRATION
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• Concept Definition
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• Experiment Design

• Experimental Verification on Ground

Design of Test Apparatus
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Commercial Potential

• Market Stimulation

Figure 9-3. Stages of Progress Towards Commercialization
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Shuttle Borne experiments, Appendix B, is categorized according to the

methodology in Section 9.3. See Figure 9-S for its stage of progress toward

commerc ia lizat ion.
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Process
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Figure 9-5. Shuttle Borne Experimentation

Categorized by the Stages of Progress

Toward Commercialization
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9.3 Methodology for Sxnthesis of Results

The methodology follows the approach outline below.

Step A. The MPS investigations are subdivided by categories following the

approach presented in Figure 9-3. Analysis of the approximately

130 pre-Shuttle investigations summarized in Appendix A

indicates that they fall into four categories in descending order of

achievement of "hard" results:

I) Demonstrations of processes. These are tests, or series of

tests, aimed at defining the technical and economic

characteristics of specific MPS processes and/or products;

for example, the series of electrophoresis processing tests

performed on the Space Shut-tie;

2) Experimental data points collected in a low-gravity (and/or

vacuum) facility. In this category fall experiments aimed at

demonstrating specific effects of the space environment,

postulated by theory_ for example, Skylab tests to validate

the fact that convection does not operate under weightless

conditions_

3) Theoretical analyses -- for example, the extensive series of

researches performed by the Bureau of Standards under

contract to NASA_

4) Process technology or equipment developments necessary to

enable precise measurements or collection of data unique to

the space environment. These include special studies and

techniques for the transfer of processes to Earth-based

systems.

Step B. For each category of investigation defined above_ the corres-

ponding report material was analyzed to determine which of the

following elements of information have been yielded by each

investigation:
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I) Results indicating a major technical and a promising

economic advantage of processing in the space environment;

2) Results indicating an experimentally proven advantage of

the space environment;

3) Results indicating a definite theoretical advantage of the

space environment

4) Inconclusive results observed, despite an apparently correct

exper imental procedu re;

s) Inconclusive results due to a faulty experimental

procedure. Typical of this case is the documented

occurrence, or the suspicion of occurrence, of spurious

spacecraft maneuvers which have interfered with an

experiment. An example is the "sphere forming" low-gravity

experiment in Skylab_

6) Definitively negative results. This would imply that the

hypothesis postulated for the investigation has

unquestionably been proven faulty. Note that very few, if

any available experimental findings are expected to fall into

th is category;

7) Results not available or proprietary
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X. THE NASA SHUTTLE PROGRAM

I0.0 Overview

NASA's Shuttle Program has significantly expanded the scope of microgravity

research. In three years, ten flights have been conducted; of these, all but the first two

carried MPS experiments. One Mission, STS-9, was dedicated to the ESA's Spacelab I,

which contained among other experiments, 30 devoted to MPS. Two experiments--the

Monodisperse Latex Reactor (MLR) and the Continuous Flow Electrophoresis System

(CFES)--were each conducted on five of the ten Shuttle missions. These two

experimental programs show substantial promise, and steps are being taken to scale up

the hardware associated with these experiments, in order to produce commercial levels

of output. (See Chapter XIII for details).

10.1 Pre-Shuttle Research Limitations

The Shuttle Program has removed many of the restraints that existed in

micrograv ity research.

Prior research was restricted by several complex factors such as:

O

o

O

limited duration of exposure to microgravity

limited available power for experimentation

limited involvement by Scientists in actual experiments on manned

space missions

Only short durations of microgravityN3 to 5 seconds in drop towers and 4 to 6

minutes on SPAR flights--can be achieved in ground based facilities. For many

experiments, such as alloying investigations, this short duration of exposure restricts

investigations to small sample sizes to insure that the microgravity conditions

effectively influence the material.

The availability of power directly affects both the size of samples and the range of

usable elements in microgravity research. For example, in crystal growth and alloy

experiments, maximum furnace temperature and the field of elements that may be

melted are dependent upon access to electrical power. On Apollo flights 14, 16, and 17,
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electrophoresis experiments, which require electrical power to determine separation

rates and sample sizes, were restricted to the use of power available through an electric

shaver outlet.

Prior to the Shuttle flights scientists could not directly perform their experiments

in space_ astronauts were trained to operate hardware systems. As a result, the

expertise of the scientist specialist could not be tapped at the actual experiment site.

10.2 Shuttle Services Currently Available

Shuttle missions, as a platform for space-based research, have expanded the

potential duration of exposure to microgravity from a few minutes in ground-based

operations to ten days in space. The power available for these missions is considerably

greater than that available to researchers on previous manned space missions. In

addition, Shuttle flights provide Scientists with the opportunity to conduct experiments

in space.

The Shuttle includes several MPS projects in its agenda. These range from low

cost, self-contained systems to state-of-the-art technology hardware controlled by

scientists. In addition, the Tracking and Data Relay Satellite System (TDRSS)

communications links now make it possible to establish a ground to Shuttle hook-up.

Thus, experimental data may be transferred directly to sophisticated ground computer

systems, reducing excessive hardware requirements.

Several Shuttle programs offer research opportunities for MPS. These programs,

listed below, will be briefly examined in the following sections.

O

O

O

O

O

O

Long Duration Exposure Facility (LDEF)

Mid-deck Payloads

Get Away Specials

Mater ia Is Sc ience Laboratory

Spacelab

MPS Satellites
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10.2.1 Long Duration Exposure Facility (LDEF)

The LDEF, a large, unmanned, free-flying structure, is capable of accommodating

numerous experiments requiring long exposure to the space environment. It will be lifted

into space in the cargo bay of the Shuttle and placed into orbit for six to nine months

before being retrieved and returned to Earth by a later Shuttle flight.

The purpose of the LDEF is to study the effects of exposure to space on various

materials and processes. The availability of power for MPS applications, however, is

limited in the LDEF.

As shown in Figure 10-1, the LDEF is a twelve sided regular polygon, 30-feet in

length and 14 feet in diameter. It will hold up to 86 experiment trays: 72 on the

periphery and seven at each end. The trays are 50 inches x 38 inches and can be 3, 6 or

12 inches deep. Each tray can carry one to six experiments with a total combined weight

of up to 175 pounds.

The first launch of the LDEF on STS-13 in April 1984 carried an MPS experiment

for crystal growth study of lead sulfide and calcium carbonate.

10.2.2 Middeck Payloads

The Middeck areas of the Shuttle Orbiter have a limited capacity to accommodate

scientific payloads. Certain requirements in terms of weight, volume, cooling and power

capacity, however, must be met.

MPS experiments have been carried in the Middeck area of seven of the first ten

Shuttle flights. Two programs, in particular--The Monodisperse Latex Reactor and the

Continuous Flow Electrophoresis System--have been concentrated in this area. Each of

these experimental programs was flown on five separate missions. Details on the results

of these experiments can be found in Appendix B, and a further discussion of these two

programs can be found in Chapter VII.

The addition of the Middeck area for experimentation facilitates involvement and

extends operations to periods longer than those available before the Shuttle program.
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Figure 10-1. Long Duration Exposure Facility

(LDEF)
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Experiments can be placed in this area just prior to launch and removed expediently upon

flight return.

Forty-two standard storage lockers are located in the Middeck Payload area (Figure

10-2). Some of these lockers are available for experiments: the MLR used three of

these. Each locker is 20x17x10 inches or approximately 2 cubic feet. They may be used

to house experiment hardware or be removed to make room for specially designed

hardware which would mount to the wall adapter plates.

10.2.3 Get Away Specials

Get Away Specials are small, experimental containers that fit into excess payload

space in the Shuttle Orbiter Cargo Bay. They allow NASA to sponsor low cost

experiments for interested individuals and organizations.

These containers are available in two sizes: 20x 14 inches (2 cubic ft); 14x28 inches

(5 cubic ft). Three weight categories are available: 60, 100, and 200 pounds. Costs are

broken down by these container sizes and weights_ they range from $3,000 to $10,000.

Get Away Specials provide the most inexpensive opportunity to conduct

experiments on board the Shuttle Orbiter. These experiments, however, must be self-

contained, providing their own power. Canisters may be sealed with an inert gas or

vented to expose the experiment to the elements of space. Some interaction from the

crew may be possible, but is limited to simple inputs such as turning a switch on and off.

Requests for Get Away Specials are accepted on a first come first served basis and

the response to this program has been tremendous. Accepted experiments range from

high school studies of plant growth in space to MPS studies of crystal growth.

Overall, Get Away Specials offer an excellent opportunity to cost effectively test,

on a small scale, the effects of processing in space.

10.2.4 Materials Science Laboratory

The Materials Science Laboratory is a self contained unit carried in the cargo bay

of the Shuttle Orbiter. It is designed to perform MPS experiments that allow in-flight

monitoring.
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The unit, shown in Figure 10-3 is made up of a Materials Experiment Assembly

(MEA) and gas containers mounted for MPS. This system is reusable and flights are

planned on a six to nine month schedule.

The MEA requires only on/off commands from the Orbiter and transmits its

operational status back. The experiment mass is approximately 1500 kg out of a total

mass of approximately 2,400 kg.

The first Materials Science Laboratory (MSL 2) flight is scheduled for August 1985

on STS-27.

10.2.5 Spacelab

With the deployment of the research laboratory, Spacelab, scientists are able to

conduct research in space in conjunction with the work of astronauts.

Spacelab was designed and built by the European Space Agency (ESA) in

cooperation with NASA. It is a modular facility flown into space and returned to Earth

in the cargo bay of the Shuttle Orbiter. Scientists, included among the Shuttle crew,

conduct research in the "shirt sleeve" environment of this laboratory.

Spacelab is augmented by the Tracking and Data Relay Satellite System (TDRSS),

which provides a high speed data link with ground-based information systems. Fitted

with highly sophisticated hardware, Spacelab is amenable to a broad range of research.

Spacelab I opened new horizons for research in seven disciplines:

O

O

O

O

O

O

O

Atmospheric physics

Earth Observations

Space plasma physics

Materials Science Technology

Istronomy

Solar Physics

Life Sciences
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A description of Spacelab equipment and operational capabilities is outlined in

Chapter II.

10.2.6 MPS Satellites

Unmanned MPS Satellites are another potential spinoff of the Space Shuttle

program. Lifted into orbit by either the Shuttle or an expendable launch vehicle, these

satellites would remain in orbit operating for six to nine months before being retrieved

and returned to Earth by a Shuttle Orbiter.

Two MPS Satellites are currently planned for deployment about 1987. Fairchild

Industries, a U.S. based company, is developing "Leasecraft"; The European Space Agency

is developing "EURECA." Figure 10-4 shows a preliminary sketch of these two free-

flyers.

High cost advantages and research dividends are expected from these MPS

Satellites. Chapter 12 provides an overview of both "Leasecraft" and "Eureca".
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Figure 10-4. Eureca/Leasecraft
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Xl. SPACELAB

II .0 Background

From the beginning of the space program, achievements in microgravity and

remote sensing studies have suggested the untapped potential of space research. Skylab

briefly capitalized on this potential, but the transfer of personnel, equipment and

hardware necessary to effectively utilize this facility became cost prohibitive. The

Shuttle program represents an efficient method of transporting personnel and hardware

into space to conduct space-based research and then return to Earth. Spacelab, as an

outgrowth of the Shuttle program, offers Scientists the first opportunity of performing

cost efficient, hands-on research in space.

Designed and built by the European Space Agency (ESA), Spacelab is a modular,

reusable laboratory, to be carried in the cargo of the Shuttle. NASA is responsible for

the management of all Spacelab flights. Potential users may contact NASA to arrange

experiments; costs for these experiments will be tied to Shuttle launch and operations

costs.

I1.1 Component Parts

Spacelab is a modular facility which allows experiments and support hardware to be

removed, exchanged, or rearranged in a number of combinations to fit the needs of the

users. The hardware weight, size, power, and data handling capabilities now available to

researchers on manned space missions have been extremely broadened over pre-Shuttle

missions.

There are three basic parts to the Spacelab system:

0

0

0

cy lindrica Ipressurized habitable module

tunnel

"U"-shaped equipment pallet

See Figure I1-1 for a Spacelab overview.

76



Figure 1 1-1. Spacelab: Habitable Module,
Tunnel and Pallet
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The cylindrical pressurized module is the habitable working area for the crew. It is

both a pressurized facility providing a shirtsleeve environment for the crew and

laboratory housing racks of custom made instruments, equipment and a workbench. The
module is available in two sizes:

o long module, and

o short module.

The long module is made up of two short modules, approximately 13 feet (/_m) wide and

I I.S feet (2.7m) long. Thus, the long module is approximately 23 feet long and 13 feet

wide.

The U-shaped equipment pallet holds those experiments which require direct

exposure to space or those that do not require a normal atmosphere in which to operate.

All of these experiments are easily monitored, and controlled from the habitable

module. The U-shaped equipment pallet is approximately 10 feet (3m) long and 13 feet

(4m) wide.

The pallet igloo, shown in Figure 11-2, is a cylinder which houses those support

subsystems that require a normal atmosphere in which to operate. It provides 2.2m 3 of

auxiliary space.

II .2 Configurations

The Spacelab configuration modular elements can be arranged to meet user needs.

Eight basic flight configurations, shown in Figure 11-3, have been established for

Spacelab. Five of these configurations use habitable modules, with or without pallets,

three use pallets only.

11.3 Communications Data Link

Through the use of an elaborate world wide communications network, Spacelab will

be linked up with sophisticated ground-based computers. The elements of this network

are the Tracking and Data Relay Satellite System (TDRSS), the Ground Space Tracking

and Data Network (CSTDN), and the Spacelab Data Processing Facility (SLDPF).
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TDRSS, when completed, will be composed of three large state-of-the-art

communications satellites measuring $7 feet across and weighing approximately S,000

pounds each, see Figure 11-4. Each satellite will be placed in a Ceosynchronous orbit

(22,300 miles). One such satellite is in orbit as of this writing. These orbits will be

established geometrically to provide a central ground point, White Sands New Mexico,

from which all functions of the system can be controlled. From a geosynchronous orbit,

the TDRSS will be able to communicate with more than 8S% of the Earth-orbiting

satellites. The whole TDRSS mission can be tracked and controlled from one ground

location. The data link will flow from the ground station to a Tracking and Data Relay

Satellite (TDRS) to the orbiting satellite and back, see Figure I I-S.

The current GSTDN system consists of IS ground stations and uses some 2,S00

personnel on Shuttle missions. Communications and tracking are passed from ground

station to ground station as satellites pass in and out of view. All but a few of these

GSTDN centers, however, will eventually be replaced by TDRSS.

The Spacelab Data Processing Facility (SLDPF) handles the volumes of data

transmitted through the TDRSS. After the data are collected, processed and stored at

Goddard Space Flight Center, Greenbelt, Maryland, they are shipped to the users

processing center. Some 60 percent of the data collected by Spacelab I passed through

the SLDPF.

11.4 SPACELAB I: Materials Science Payload

Thirty Materials Science experiments were conducted on Spacelab I. The majority

of these experiments were performed in hardware located in a double rack, known as the

Materials Science Double Rack (MSDR).

The MSDR, shown in Figure 11-6, holds four multiuser facilities:

o Isothermal Heating Facility

o Gradient Heating Facility

o Mirror Heating Facility

o Fluid Physics Module
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Figure 1 1-6 Material Science Double Rack (MSDR)

84



Three special facilities were added to the MSDR:

o Cryostat for protein crystal growth

o High-Temperature Thermostat

o Ultrahigh Vacuum Chamber

In addition, two temperature furnaces, external to the MSDR, were included:

O Low-Temperature Thermostat -

2 crystal-growth experiments from solutions

O Low-Temperature Heat-Pipe Furnace -

crystal-growth from vapor experiment

The actual experiments conducted on Spacelab I are listed in Appendix B.

Spacelab I proved to be an effective, and flexible orbiting laboratory. Several in-

flight repairs of hardware were required, over 200 replanning requests were referred to

Spacelab scientists while in orbit, and approximately 800 operation adjustment requests

were completed during the mission. Through the TDRSS communications satellites,

scientists were able to work closely with ground personnel, adding a new dimension to

space-based research.
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XII. UNMANNED MPS SATELLITES

12.0 Discussion

A potentially significant offshoot of the Space Shuttle program is the deployment

of unmanned satellites equipped with commercial payloads specifically prepared for

microgravity research and development. These "free-flyers" would be transported into

space by a Shuttle or by an Expendable Launch Vehicle (ELV), and serviced every six

months thereafter. Such unmanned ventures are expected to be cost efficient with high

research dividends, due to extended flight time capacity and a greater utilization of

microgravity.

Two unmanned satellite programs have been conceived. Fairchild Industries, a U.S.

based firm, is developing an unmanned microgravity applications platform which they

have named "Leasecraft"; the European Space Agency (ESA) is developing a smaller

platform named "EURECA". These unmanned satellites are expected to be in operation

by 1987.

12. I Concept

Free flying satellites would accommodate many non-MPS commercial applications

in such areas as remote sensing, astrological studies, etc. This chapter however, will

examine their applications to MPS, whose long duration microgravity goals are in keeping

with the extended flight capacity of free flying satellites.

A free flyer platform would be Shuttled or delivered by an ELV to space and tended

there by either an ESA spacecraft or NASA's Shuttle. Eventually these flights will be run

in conjunction with Space Station operations. The platform will provide its own basic

power requirements and special maneuvers needed to achieve the desired ideal

microgravity effects. Approximately every six months the platform would be retrieved

and serviced in flight or returned to Earth by a Shuttle; the payload would then be

exchanged and the platform prepared for redeployment.

The advantages of free flying satellite operations are:

o microgravity durations for up to six months;
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O minimal maneuvering or other activities which cause fluctuation in

microg ravity (g-j itter)

o cost effectiveness

O operations at higher altitudes than Shuttle flights, further reducing the

effects of gravity.

The principal drawbacks to these operations are that even small malfunctions would

be costly9 repairs would be limited, and immediate servicing would be minimal.

12.2 EURECA

EURECA, shown in Figure 12-1, is an acronym for the European Retrievable

Carrier. It is owned and operated by ESA, which will be dependent upon NASA for

Shuttle delivery of the carrier into space. During its free flight deployment stage,

EURECA will be controlled through the European Space Operations Center in Darmstadt,

West Germany.

The core payload for EURECA will be returned to the ground by the Shuttle.

The technical services provided by EURECA's core payload will include:

I) payload mass (total) of I000 kg

2) 1700 watts of continuous power

3) heat rejection cooling loop with a throughput of approximately 1000 kg/hr

of freon 114. The cooling fluid temperature ranges between +S° and

+45oC.

4) total continuous data will be available to the payload at a rate of

approximately 2.S kbps (ESA brochure BR-16 pg. 3).

This payload will be returned to ESA by the Shuttle upon flight completion.
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Figure 12-1. European Retrievable Carrier- Eureca
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More.detailed information on EURECA may beobtained through:

Director of STA- EURECA
ESA

8-10 RUE MARIO NIl<IS

F-75738PARIS,CEDIX IS
FRANCE

12.3 LEASECRAFT

The Leasecraft spacecraft, shown in Figure 12-2, will be larger than EURECA but

will function in much the same way. It will be Shuttle delivered and controlled from the

ground through a TDRSS communications link. Its key characteristics are:

O

primary payload up to 14,500 kg (32,000 Ibs)

secondary payloads up to 1,000 kg (2,200 Ibs)

Operating in low Earth orbit at 28.5 degrees inclination

Voltage of 28 + 7 VDC

Maximum Power 1,000; 2,600; 4,200; S,700; 7,300 Watts (I-S

modules)

propulsion system for orbit adjustment and special maneuvering.

power

More detailed information on LEASECRAFT can be obtained by contacting:

Fairchild Space Operations Company

20301 Century Boulevard

Germantown, Maryland 20874-118 I

(30 I) 428-6000
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XIII. PRODUCTS WITH COMMERCIAL PROMISE

13.0 Purpose

The purpose of this section is to present products which, from an initial assessment,

represent the highest promise for commercial application of MPS.

Products examined in this chapter are derived from two sources:

o results achieved in microgravity experimentation;

O applications projections which indicate potentially significant advances in

materia Is properties.

13.1 Criteria for Selection of Candidate Products

Products with MPS commercialization potential are divided into three broad

categories:

(I) products which have a high value to weight ratio_

(2) unique products which cannot be processed effectively on earth_

(3) products which can be more effectively processed in space.

13.1.1 High value to weight ratio

Materials processing in space is expensive. Estimates of gross processing cost,

including tare, can range from $S00,000 to $1,400,000 per kilogram. This estimate

includes tare cost, i.e., the cost of transporting processing equipment and the materials
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storage facilities.

process employed.
typical product. I

An exact processing cost is determined by the specific product and

Figure 13-1 illustrates the estimated gross production costs for a

Essential criteria for determining candidate products for commercial

manufacturing in space is that they should be sufficiently light to minimize

transportation charges and sufficiently valuable to insure that their market value offsets

the costs attributable to transportation. An example of such products is

pharmaceuticals, whose prices range up to billions of dollars per kilogram.

13.1.2 Producing Unique Products

If a product cannot be acceptably processed on Earth but is amenable to space

processing, it warrants consideration as a candidate for MPS.

Such unique products could potentially create a new market or prove to be of such

superior quality as to produce a high value per weight ratio.

A possible example of a unique product would be large bodies of metallic glasses.

Earth-based technology can manufacture only small beads of metallic glasses; demand

for large bodies of metallic glasses could become high enough to justify the cost of

processing in space.

13.1.3 Producin 9 Materials More Effectively

The value of a product should increase and its cost should decrease as its processing

improves. A 400 to I improvement in the effectiveness of space processing over

terrestrial processing is a realistic threshold for selecting candidate processes for MPS. 2

I "Commercial Materials Processing in Low-g (MPLC): Overview of Commercialization

Activities", a briefing by Marshall Space Flight Center, presented at NASA Headquarters
on March 7, 1983.

2 ibid. MSFC briefing.
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13.2 Examples of Products with Commercial Promise

The selection criteria established above -- i.e., high value to weight ratio,

production of unique products, potential for process improvement -- can be used to

extrapolate commercial applications from selected MPS investigations.

In this section, five examples of products with commercial promise are developed.

The first four derive from actual investigations; the final example -- high strength

materials -° is based upon theoretical considerations. These examples provide an

imaginative yet pragmatic, outlook for future work in this field.

13.2. I Pharmoceutica Is

"Pharmaceuticals" or "drugs" are defined, in their broadest sense, as substances

that are used in (I) the diagnosis, treatment, mitigation or prevention of disease,

abnormal physical states or symptoms thereof, and (2) the restoration, correction and

modification of organic functions.

Major drug groups include:

o Anesthetics - causing a loss of sense perception;

o Antiseptics and Germicides - safeguarding against infection;

Chemotherapeutic drugs - chemicals used to treat or investigate a variety

of diseases such as malaria, and abnormal physical states such as cancer;

Hormones - glandular excretions affecting growth and other bodily

functions;

o Tranquilizers - inducing a calm mental state;

O Vitamins - complex organic substances essential in small amounts to

sustain a variety of body functions essential or important to health.
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Drugsare classified in the trade in one of three ways:

O by pharmacological use, i.e•, based upon which bodily functions they

affect;

by therapeutic use, i.e., according to what conditions they can impact or

treat; or

o by chemical group.

Pharmacological and therapeutic classifications do not necessarily account for the

physical process by which a drug is produced; chemical classifications are better suited

to this end. Thus the following classification is by chemical group•

Pharmaceuticals comprise a large and diverse universe of ethical drugs,

biochemicals and immunochemicals.

O The term ethical drug refers to all drugs of whatever origin whose use

conforms to the standards of medical practice. Examples of drugs not

considered "ethical" in this country are heroin, LSD and other drugs for

which there is no recognized therapeutic use in medicine.

O Biochemicals, a subject of ethical drugs, are of plant and animal origin (as

opposed to mineral), derived from natural products or by means of

laboratory synthesis. Biochemicals range in complexity from simple

organic buffers to complex metabolic products such as vitamin B I2"

O Immunochemicals are a subset of biochemicals. They include antisera and

antigens, which are used to provide immunity to diseases or to control the

advance of maladies and abnormal bodily functions•

A breakdown of Biochemical and Immunochemicals into major product profile categories

is shown in Figure 13-2. Each of the categories on the bottom tier of the chart

represents from tens to hundreds of individual chemical compounds.
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Drugs constitute the most conspicuous category of materials exhibiting the

property of high value to weight ratio. Table 13-1 illustrates a sample of selected

pharmaceuticals sold for more than $1,000,000,000 per kilogram. Figure 13-3,

constructed from a drug specialty catalog, depicts the relative costs of selected

pharmaceuticals as a function of price.

There is a continuing need in the biomedical community to improve separation and

purification techniques of living cell components, cell by-products and proteins.

Distinct separation is required because these materials are found in very low

concentrations, embedded in matrices of other very similar materials, e.g., beta cells in

a mixture of cells comprising a pancreas. The process of collecting these materials in

concentrated form is, thus, quite costly.

Purification is needed in cases where the desired target drug, in its natural form, is

intermixed with substances which are either potentially harmful, or which produce

undesired side-effects.

High priority candidates for separation and purification in the space environment

are beta cells, interferon, epidermal growth factor products, growth hormone products,

antitrypsin products and antihemophilic products.

Electrophoresis is a processing technique used to separate and purify biological

materials in a fluid by the application of an electric charge. McDonnell Douglas

estimates that electrophoretic processing in space can enhance throughput by a factor of

SO0, with up to a five-fold increase in purity over Earth-bound processes. (See Chapter

VII for a further discussion of Electrophoresis).

13.2.2 Large Monodispersed Latex Spheres

A polyvinyl latex, grown by the polymerization of a monomer in the presence of a

surfactant and water, yields a vast number of microscopic spherical particles that are

nearly identical in size. The size distribution is so narrow that the particles have become

widely used as calibration standards for electron microscopy. A remarkable number of

uses has been found for these monodispersed particles, ranging from seriological tests for

a number of diseases to the measurement of spore sizes in biological and other

membranes.
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TABLE 13-I

SELECTEDPHARMACEUTICALS SOLDFOR MORE THAN

ONEBILLION DOLLARS PER KILOGRAM

PHARMACEUTICAL
BILLION DOLLARS

PER KILOGRAM

Alfatoxin M I, Asperaillus flavus
Bathropsinase Reagent
Cholecystokinin Octapeptide
Chorionic Gonadotropin, (hCG),

Human, Iodination grade
Chymotrypsin, Human Pancreatic,

Iodination grade
C-Peptide, Human, standard
C-Peptide, Human, Tyrosylated,

Iodination grade
Deoxyribonucleic Acid, SV40
Ferritin, Human Spleen, Iodination

and standard grade
a - Feto Protein (AFP), Human,

Iodination grade
a - Feto Protein (AFP), Human
a Feto Protein (AFP), Mouse
Follicle-Stimulating Hormone, (hFSH),

Human, Iodination grade
Growth Hormone, Human (hGH),

Iodination grade
kuteinizing Hormone, Human (hLH).

Iodination grade
Parathyroid Hormone (PTH), Bovine

I-8/4, Iodination grade
Prolactin, Human (hPRL),

Iodination grade
Thyroid-Stimulating Hormone, Human,

Pituitary (hTSH), Iodination grade
Thyroid-Stimulating Hormone, Human,
a _ subunit (hTSH), Iodination grade

Thyroid Stimulating Hormone, Human,
/9 - subunit (hTSH), Iodination grade
Trypsin, Human, Pancreas, Iodination grade
Vinculin, Chicken Gizzard

5.00
14.50

1.80

3.20

3.00
1.80

8.00
6.25

2.45

2.50
20.00

1.50

5.60

2.00

2.15

S.O0

2.45

4.00

5.30

4.36
3.00

1.00
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During a conventional terrestrial growth process, latex spheres are maintained in

suspension by intrinsic Brownian motion until their diameter reaches approximately two

microns, at which point they tend to sediment under normal one-g gravity. For larger

diameters, a sphere's suspension can be further maintained by gentle stirring. However9

extreme care must be taken to prevent flocculation or the initiation of a new batch of

particles. MPS literature identifies the breakover point as occurring at two microns.

Thus monodispersed spheres are not commercially available in large sizes, although

MSFC researchers relate that the Dow Chemical Company has placed spheres in the

market as large as 10 to IS millimeters in small quantities.

MSFC developed a unique process to produce spheres up to 40 microns in diameter

with characteristics of uniformity of diameters and deviation from roundness

considerably superior to those achieved commercially. This MSFC process has been

tested on the ground. MSFC researchers have also produced significantly improved

characteristics of uniformity of diameter uniformity, roundness, and upper dimensions_

by microgravity processing on Shuttle missions.

Ground-produced latex spheres up to IS microns in diameter are sold currently in

one ounce bottles containing 0.1% solid spheres for S65. This equates to $4739000 per

kilogram at retail price. It is believed that larger sizes, up to 40 microns, will command

a higher price. MSFC estimates that space production costs for latex spheres may range

from $900 per gram for SO kilograms produced to $500 per gram for 200 kilograms

produced annually.*

13.2.3 "Ultra-Soft" Magnetic Materials

Transformers, motors, generators, magnetic memories and other devices, which

operate with alternating or variable currents and employ materials conventionally

designated "ferromagnetic", function less than efficiently in terms of the amount of

energy that they lose rather than transform. Losses are caused by heat generated by the

effects of hysteresis and eddy currents in the presence of alternating or variable

currents. Hysteresis losses are a function of frequency and dominated by the choice of

* Opcit briefing to NASA Headquarters
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ferromagnetic materials. Eddy current lossescan be controlled to some extent by the

geometry of ferromagnetic elements; they are proportional to the square of the

frequency of the alternating currents.

In the case of hysteresis the magnetization of ferromagnetic materials (expressed

as the flux density, B) "lags" behind the action of the magnetic field (expressed as the

magnetic field strength, H). When the magnetic field strength is decreased to zero_ the

flux density retains some residual value -- termed remanence, residual induction or

retentivity.* Conversely, a certain amount of opposite-polarity magnetic field strength

is required to cancel out the retentivity; this is known as the coercive force. The

integral under the retentivity - coercive force loop is proportional to the hysteresis

loss. Hence, the "softer" the magnetic properties of a ferromagnetic material, the

smaller the hysteresis loss and correspondingly the greater the energy efficiency of the

device.

An important segment of MPS experimentation in ferromagnetic materials is the

production of bulk metallic glasses. This experimentation focuses on the feasibility of

producing metallic glasses through containerless processes by severe undercooling and

the elimination of container-induced nucleation sites.

Currently, metallic glasses may be made on Earth only in very small quantities due

to limitations in the technology for rapidly cooling such glasses to the amorphous state,

bypassing crystallization. However, the production of small amounts of metallic glass in

ground-based research does demonstrate that the Pd-Si-Cu metallic compound exhibits

"very soft" magnetic properties.

MPS technology portends the possibility of producing macroscale amounts of

metallic glasses from which to fabricate high-grade, high frequency laminations or

ferrite-like transformer cores. Although SPAR flight experiments with metallic glasses

have failed, thus far, due to equipment failure, future experiments are planned.

* Permanent (so called "hand") magnets characteristically have high remanence while
"soft magnets" are ferromagnetic materials with low remanences.
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13.2.4 Immiscible Materials

Immiscible materials represent a broad Category of multiphase material systems

which exhibit a "miscibility gap" in their phase diagram. At a certain level of relative

concentration, one component of the system tends to separate from the other component

and they are not then able to be remixed. A classic example of immiscible materials is

oil and water. As a result of their immiscible components, certain metal alloys cannot

be macle readily because the metals separate when melted and continue to remain

distinct upon cooling.

Several materials whose compounds are immiscible in their fluid phase are of

interest for space processing. Examples are:

O

0

0

0

O

0

O

superconductors

electrical contact materials

II! - V semiconductors

catalysts

permanent magnets

bearings and

superp last ic mate ria Is

Nearly 250 liquid phase immiscible materials have been identified as potential

superconductors (see Table 13-2).

Skylab experimentation investigated the possibility of preparing immiscible alloys

by isothermal and directional solidification. One alloy, 76.8S weight percent gold and

23.1S percent germanium, was selected because of its almost complete solid state

immiscibility. As expected, samples solidified in space were signficantly more

homogeneous in structure than their counterparts produced on Earth.

These results suggest the value of future, space-based solidification of unique and

sufficiently valuable materials, or to indirectly improve Earth-bound technology.
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TABLE 13-2

LIQUID PHASE IMMISCIBLE MATERIALS

SUGGESTED FOR SUPERCONDUCTING PROPERTIES

Ag-Cb B-Bi Bi -Ru Cb-Pb Cr-Sn Ga-Hg La-Ta Mo-Sb

Ag-lr B-Cd Bi-Si Cb-Pu Cs-Ga Ga-K La-Ti Mo-Sc

Ag-Mo B-Ga Bi -U Cb-Sc Cs-ln Ga-Pb La-U Mo-Sn

Ag-Re B-Hg Bi-V Cb-Sn Cu-Mo Ga-Te La-V Mo-Y

Ag-Ru B-In Bi-W Cb-Y Cu-Os Ga-TI La-Yb Na-Ta

Ag-Ta B-Pb Bi-Zn Cb-Yb Cu-Pb Ga-W La-Zr Na-U

Ag-U B-Sn C-Cd Cd-Cr Cu-Re Gd-Mo Li -Mo Na-Zn

Ag-V B-T1 C-Hg Cd-Fe Cu-Ru Gd-Ta Li -Ta Na-Zr

AI-As Be-Bi C-Pb Cd-Ga Cu-Ta Gd-U Li-Ti Nd-Ta

Al -Bi Be-Ga C-Sn Cd-K Cu-TI Gd-V Li-U Nd-Ti

AI -C Be-Ge C-TI Cd-Pu Cu-U Gd-W Li-V Nd-U

Al -Cd Be-Hg C-Zn Cd-Se Cu-V Ge-Hg Li-Zr Nd-V

AI-Cs Be-ln Ca-Cb Cd-Si Dy-Mo Hg-Sc Lu-Ta Ni-Pb

A1-1n Be-Mg Ca-Cd Cd-Tc Dy-Ta Hg-Si Lu-U Os-Sn

A1 -K Be-Pu Ca-Gd Ce-Mo Dy-Ti Hg-Ta Lu-V P-Sn

Al -Na Be-Sn Ca-La Ce-Ta Dy-U Hg-V Mg-Mo P-TI

Al-Pb Be-U Ca-U Ce-Ti Dy-V Hg-W Mg-Ti Pb-Pm

Al -Rb Bi-C Cb-Ce Ce-U Er-Mo Ho-U Mg-U Pb-Se

AI-S Bi-Cb Cb-Cu Ce-V Er-Ta In-S Mg-V Pb-Si

Al -Tl Bi-Co Cb-Er Ce-Zr Er-Ti In-Se Mg-Zr Pb-U

As-Hg Bi-Cr Cb-Gd Co-Hg Er-U In-Te Mn-Pb Pb-W

As-Tl Bi-Pe Cb-K Co-Pb Er-V K-Mo Mn-Tl Pb-Zn

Au-lr Bi-Ga Cb-La Co-Tl Eu-U K-Zn Mo-Nd Po-Ta

Au-Os Bi-Ge Cb-Li Cr-Gd Fe-Hg La-Mn Mo-Pb Pr-Ta

Au-Re Bi-Fin Cb-Mg Cr-Hg Fe-Pb La-Mo Mo-Po Pr-Ti

Au-Rh Bi-Mo Cb-Na Cr-Ta Fe-Sn La-Pu Mo-Pr Pr-U

Au-Ru Bi -Os Cb-Nd Cr-Pb Fe-TI La-Re Mo-Pu Pr-V

Pu-Ta

Re-Sn

Re-Zn

Ru-Zn

S-Sn

S-T1

Sc-U

Sc-V

Se-Sn

Se-TI

Se-Zn

Si-TI

Sm-U

Sm-V

Sm-W

Ta-Tb

Ta-Y

Tb-U

Te-TI

Th-U

Th-Yb

T1 -Zn

Tm-U

U-Y

U-Yb

U-Zn

V-Y

V-Yb

W-Zn
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13.2.S High-Strength Materials

The object of this subsection is to exemplify the ultimate potential obtainable in

the technology of materials processing. The specific example selected pertains to the

stress-strain characteristics of materials.

In a limited number of MPS investigations, microgravity processing has yielded

tensile strengths up to 50% greater than obtained under terrestrial gravity. Although

these investigations were experimental, with equipment plagued inadequacies, the

promise of processing materials with above-normal stress-strain characteristics has

c lear ly emerged.

Table 13-3 shows the tensile strengths of materials commonly used in industry for

purposes of civil building, machine construction, and other applications requiring high

structural performance. Note that the class of materials, represented in Table 13-3 by

boron, and generally included within the broad designation of "ceramics", exhibits tensile

strengths which are approximately four to five times those of high-strength steel.

Despite their high tensile strength, these materials are notably brittle, connoting a

propensity to crack. When microfractures develop in ceramics they tend to propagate

and enlarge, which eventually weakens the pristine material. Thus, structural beams are

not fashioned from boron; a few hammer blows would be sufficient to induce cracking,

and soon thereafter the beam would fracture.

Modern materials technology has succeeded in exploiting the tensile strength

characteristics of ceramic materials by the technique commonly labeled "embedded fiber

technology". To illustrate this technology with an example, small-diameter fibers of

boron are embedded in a matrix of a softer material--e.g., aluminum, and copper. The

boron fibers provide tensile strength and the metal matrix insures protection from

cracking.

An even more exciting vista of ultra-strong materials is afforded by the theoretical

consideration of the binding forces which underlie the cohesion of matter. As is well

known, the principal intermolecular forces in such a structure are of two kinds: the

binding-force attraction between charges of opposite electrical polarity, and the strong
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TABLE 13-3

TENSILESTRENGTHOF SELECTEDMATERIALS

MATERIAL

TENSILE

STRENGTH

KG/CM 2

IRON FOR CONCRETE REINFORCEMENT 4,000

STRUCTURAL STEEL 10,000

HIGH-STRENGTH STEEL 22,000

DURALUMINUM 4,500

BORON 99,000

quantum repulsion caused by the physical proximity between material particles. The

existence of simple material structures is commonly regarded as resulting from the

equilibrium of these two opposing forces.

Table 13-4 illustrates the ideal case of a material structure, an intermolecular

ionic binding force (ionic crystal), subject to the coulomb attraction between mono-ionic

molecules, minus the repulsive force caused by the strong quantum interaction (which

varies with an exponential law of their distance). The integration of attractive forces

(ions of opposite signs) with repulsive forces (homeopolar ionic charges) is expressed by

the "Mabelungen Factor". Note that the ultimate theoretical strength of an ionic

material appears to be of order twenty times that of conventionally produced materials.
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TABLE 13-4

SUPER-STRENGTH MATERIALS II

INTERMOLECULAR IONIC

BINDING FORCE-IDEAL CASE

T ,_.

T ____.

Q ____.

0 z X 10 ..4

4,r_ R4M
Z

IDEAL TENSILE STRENGTH, Kg/CM

-19
ELECTRON CHARGE = 1.6 X 10 COULOMB

-lZ
DIELECTRIC CONSTANT = 8.84 X 10

FARAD/METER

R INTERMOLECULAR DISTANCE, METERS

MABELUNGEN FACTOR

SOLVE FOR BORON CRYSTAL

Z
T = Z,O00,O00 KG/CM
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13.3 Conclusion

In each of the five examples of products with commercial value discussed in this

chapter, by-products of known or potential value were identified, as indicated below:

Pharmaceuticals: Beta Cells, Interferon, Epidermal Growth Factor, etc.

Large Monodispersed Latex Spheres: The spheres themselves

Ultra-Soft Magnetic Materials: Ferromagnetic parts for high frequency

electronic devices

Immiscible Materials: Superconductors

High Strength Materials: Composites such as SiC/Ag
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XIV. CONCLUSIONS

A main objective of this report was to assemble and analyze the results of MPS

microgravity experiments conducted onboard the Shuttle Orbiter. The first two Shuttle

missions carried no MPS experiments; five experiments were carried on each of the next

six successive flights. Shuttle mission 9 carried Spoceleb I, which contained 34 materials

science experiments.

Figure 14-1 shows the progress of availability access to microgravity for

experimentation on MPS Platforms as a function of flight time. Clearly, ten day

missions of Skylab I have significantly increase these total microgravity investigation

hours.

The planned Leasecraft and Space Station

continue these research efforts, augmented with

equipment and prolonged processing time.

missions will provide platforms to

larger, more sophisticated support

A compilation of all Shuttle-based experiment results show the following improved

features over pre-Shuttle efforts:

o increased microgravity time to MPS research,

o more power available for MPS research

o a higher priority for MPS among mission objectives

o increased MPS hardware space

O the opportunity for career scientists and engineers to be flown into

space and conduct experiments in a class I laboratory environment

The Shuttle has proven to be the most effective platform developed thus far for

microgravity research. Hardware and personnel can be efficiently lifted into space on

Shuttle flights and returned safely to Earth. Orbitting and other special maneuvers can

then be executed to create and sustain microgravity in the order of 10-6g, for several

hours. Processing routines can be coordinated and controlled to reduce the g-jitter to
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exceptionally low levels. Experiment programs can be run in a series of highly refined,

efficient operations through the cyclic technique of examining and modifying hardware

operations between flights.

The advantageous use of the Shuttle operation cycle is demonstrated by the

progress of the McDonnell Douglas Continuous Flow Electrophoresis program. A series

of Shuttle flight experiments and subsequent ground-based research efforts have refined

the techniques, understanding, and hardware to the point where its hardware and

throughput have been scaled up to more commercial levels of production. As a result,

the Continuous Flow Electrophoresis System will eventually be included on an MPS

satellite payload and on the Space Station, which is planned for operation in 1993.

As a platform for research, the Shuttle program has a three fold objective:

o compile fundamental knowledge,

o develop useful processes, and

o screen potential products.

Spocelab, equipped with materials science hardware, is capable of performing the

most effective MPS research within the Shuttle flight series. Spacelab opens up a new

approach to MPS study,--research conducted first-hand by "Payload Specialists", i.e.

career scientists and engineers. Some 2000 hours of microgravity research was

conducted on Spocelab I, more than doubling the total hours of microgravity research

prior to Spacelab.

The Shuttle agenda of compiling fundamental knowledge, developing useful

processes, and screening potential products sets the stage for the next steps in the

commercialization process--the use of free flying MPS satellites and eventually the

deployment of the Space Station.
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APPENDIX A

SUMMARY OF PRE-SHUTTLEMPS INVESTIGATIONS

This Appendix contains a summarization of MPS-oriented experiments conducted
between 1968and 1980, The information wasderived from existing published literature.



The following compilation of pre-shuttle MPS investigations is extracted from

ECOsystems International, Inc. Task III final report titled, "User Requirements for

the Commercialization of Space",Contract NASW-3674. Task III collected MPSinvesti-

gations conducted from initial ground studies through the startup of the Space
Transportation System (STS)program. Research underway on Task V has updated this

data and expanded it to include investigations conducted through the STS 9 flight in

December, 1983 (Appendix B). The ultimate objective of this section of the formal

report is to identify and capsulize available data on MPS investigation objectives and

the Principal Investigator result analysis.
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APPENDIX B

SUMMARY OF SHUTTLE BORNE INVESTIGATIONS

This Appendix contains a summarization of the MPS experiments conducted on Space
Shuttle flights STS-3 through STS-9. The information was derived from existing
published literature.



The following compilation of Shuttle Borne experiments is extracted from

ECOsystems International, Inc. Task III final report titled, "User Requirements for

the Commercialization of Space", Contract NASW-367b,. Task III collected MPS investi-

gations conducted from initial ground studies through the startup of the Space Transport-

ation System (STS) program.

Research underway on Task V has updated this data and expanded it to include

investigations conducted through the STS 9 flight in December, 1983, presented here in

Appendix B. The ultimate objective of this section of the formal report is to identify

and capsulize available data on MPS investigation objectives and the Principal Invest-

igator result analysis.
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ABBREVIATIONS

ASTP

CFES

DFVLR

EAC

ELV

ESA

@4F

GSTDN

I EF

IFE

IHF

LDEF

MEA

/VHF

MLR

MP

MPS

MSDR

MSFC

PI

SEP

SLDPF

SPAR

STS

TDRS

T[_RSS

THM

TM's

Apollo, Skylab, Apollo-Soyouz Test Project

The Continuous Flow Electrophoresis System

German Aerospace Research Administration

Experiment Apparatus Container

Expendable Launch Vehicle

European Space Agency

Gradient Heating Facilities

Ground Space Tracking and Data Network

Isoelectric Focusing

Interface Energies

Isothermal Heating Facilities

Long Duration Exposure Facility

Materials Experiment Assembly

Mirrored Heating Facilities

Monodisperse Latex Reactor

Minority Phase

Materials Processing in Space

Materials Science Double Rack

Marshall Space Flight Center

Principal Investigator

Support Electronics Package

Spacelab Data Processing Facility

Space Processing App

Space Transportation

Tracking and Data Re

Tracking and Data Relay

Travelling Heater Method

Technical Memorandum

lications Rocket

System

lay Satellite

Satellite System
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